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Chapterg

Fifty Years of Forest Hydrology

in the Southeast

C. Rhett Jackson, Ge Sun, Devendra Amatya, Wayne T. Swank, Mark Riedel,
Jim Patric, Tom Williams, Jim M. Vose, Carl Trettin, W. Michael Aust,
R. Scott Beasley, Hamlin Williston, and George G. Ice

ABSTRACT: The forests of the southeastern United States are incredibly
valuable and diverse, both for timber production and for the aquatic habi-
tat they provide. These overlapping values and diverse conditions have
spawned numerous studies to assess how forest management affects
hydrology and water quality. In the mountains, key watershed studies
include those conducted at USDA Forest Service research facilities at
Coweeta Hydrologic Laboratory in North Carolina and Fernow
Experimental Forest in West Virginia. Research on hilly topographies
includes work from the Oxford Hydrologic Laboratory in Mississippi and
Grant Forest in Georgia. The South also has vast tracts of forested flat-
woods and wetlands that represent poorly drained sites, which afe not
commonly studied in other regions. Hydrologic research is made difficult
in these sites because of conditions such as shallow relief, poorly defined
drainages, and periodic inundation. Some key research on these types of
sites include the IMPAC study in central Florida, the Santee Watershed
Study in South Carolina, the Belle Baruch Hydrologic Institute in South
Carolina, the North Carolina State Wetland Research Program, and the
Mobile-Tensaw River Delta Study in Alabama. The lessons of watershed
research in the South are that site-specific conditions that influence hydro-
logic and water quality response must be properly identified to apply
appropriate management practices and interpret water quality impacts
from forest operations. Although roads represent a major source of sedi-
ment in upland sites, they sometimes have proven to be minor sources in
poorly drained locations. Management practices that disturbed wetland
forest soils and would be expected to dramatically accelerate sediment loss
from comparable upland sites instead have been found to increase sedi-
ment trapping efficiency. Water quality assessed as impaired for one site
may be typical of natural conditions for another. Rapid recovery from
disturbance is often seen, as these productive forest sites revegetate in
response to disturbance. Connecting all these varied responses to forest
management and our desire to interpret them is a basic requirement to
understand the hydrologic cycle, determine how water pathways lead to
runoff, and measure how water interacts with watershed physical and
biological processes, including evapotranspiration. Extensive literature
citations guide further investigation of these issues.
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KEYWORDS: best management practices (BMP), bottomland hardwood,
dissolved oxygen, evapotranspiration, flatwoods, herbicides, nutrients,
pocosin, roads, runoff, sediment, site preparation, slash burning, stream
temperature, timber harvesting, water quality, water yield, wetland

Introduction

The forests of the southeastern United States — defined broadly as
everywhere east of the Mississippi River and south of the Ohio River and
Pennsylvania, with the addition of Arkansas, Louisiana, and west Texas —
are among the most productive and diverse in the world. These diverse
conditions have led to a rich aquatic fauna. The southeastern United
States is reported to have the world’s greatest diversity of temperate fresh-
water fish, with more than 500 species (more than half of the freshwater
fish species in North America) (USGS 2003). Ninety percent (nearly 300)
of the freshwater mussel species in the United States occur in this region.
Overlapping these important aquatic resources is a vibrant timber indus-
try: The South is estimated to produce 60 percent of the nation’s forest
products (Ware and Greis 2002). Fittingly, the area has been home to
numerous forest hydrology research programs, many involving long-term
watershed studies. Extensive collaboration between land-grant universities,
the USDA Forest Service, and wood products companies has marked these
research programs. Much of the basic knowledge of forest hydrologic
processes and forestry best management practices (BMP) has been devel-
oped in the southeastern United States. As a result of the numerous hydro-
logiceresearch activities in the Southeast, a brief review of southeastern
forest hydrology research must overlook many studies and details of
interest to hydrologists. The goals of this chapter are to provide a general
overview of hydrologic knowledge developed in the Southeast and to serve
as a bibliographic reference for many keystone research papers by south-
eastern forest hydrologists.

Regional Setting: Climate, Topography, and Hydrology

The southeastern United States encompasses a broad array of physio-
graphic regions in which differences in soils, geology, topography, and
climate cause variations in hydrologic behavior and create different water
quality issues for forest management. Climate, geology, and topography
are three major factors that dictate regional hydrologic patterns, soil
development, and forest structure and functions. Any attempt to project
impacts of management practices on hydrology must consider these three
factors as background controls. Most southern forests are located in the cli-
mate system described as humid forest, with cool winters and warm-to-hot
summers (Muller and Grymes 1998). Topography and elevation in the
southern United States alter this pattern greatly, however, and result in a
variety of hydrologic and water quality conditions.

There are many ways to define the South to describe overall forest hydro-
logic conditions and the driving forces behind them. Wolock and McCabe
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(1999) use nine major ecoregion provinces that support forest ecosystems
as a spatial framework to describe hydrology in the South. Table 3-1
contrasts hydrologic behavior — in terms of total annual runoff amount,
runoff-to-precipitation ratio, and seasonal distribution of runoff — using
regional long-term hydrometeorological databases (The Ouachita and
Ozark ecoregion provinces are combined in the table.) Another method is
Bailey’s (1995) ecoregion classification system (Figure 3-1). Each of the 10
major provinces occurring within the southern geographic region has
unique hydrologic characteristics as affected by climate, topography, soils,
and vegetation covers.

Table 3-1. Comparison of Hydrologic Characteristics of Major Southeastern Physiographic
Regions (Wolock and McCabe 1999)

Physiographic Forest

Province Topography Climate and Hydrology Management Concerns
Outer Coastal Poorly drained flat fands; ~ High precipitation (PPT) (>1,200 mm yr');  Impacts on forested wetland
Plain — mixed elevation <100 m warm temperature; high evapotranspira-  hydroperiod and water quality;

forest tion (ET) (>65% of PPT); variable runoff  high water tables; artificial
(300800 mm yr'); low runoff ratio surface drainage essgﬂtiaf;
(<30% most areas); slow-moving streams  rutting; soil compaction

Sedimentation due to new

Southern — Upper coastal plainand  PPT 1,200-1,400 mm yr'; moderate ¢
graund disturbaace during

mixed forest piedmont; elevation runoff (200-800 mm yr'); moderate

100-300 m runoff ratio (20~60%) harvest and site preppration;
historical land uses (channel
alteration due to deposition
or erosion)

Central Steep hillslopes at high ~ High PPT (1,100~2,000 mm Sedimentation due to new
Appalachian — elevation (300-2,000 m)  yr"); high runoff (400-1,200 mm yr); forest road construction
broadleaf forest, high runoff ratio (>50%); low ET due to  and historical Jand uses; trout
coniferous forest, low air temperature habitat

meadow (Blue
Ridge)

Eastern Broadleaf Rugged topography; long,  PPT 1,000-1,600 mm yr'; high runoff Sedimeptation from roads and
Oceanic Province  narrow valleys and ridges;  ratio (40%) skid trails for hardwood forest

elevation 300-800 m harvesting
Eastern Broadleaf  Dendritic drainage with PPT decreased from 1,400 to 1,000 mm Sedimemaiion frqm road and
Continental winding narrow-crested  yr' northward; runoff (500-700 mm yr*)  harvesting operations
Province (Cumber- ridges and deep, narrow  and runoff ratio (35-45%) decreased
land Plateau) valleys; elev. 100400 m  westward

Lower Mississippi ~ Alluvial plains; elevation  High precipitation (1,200~1,500 mm yr') Harvesting impacts on wetland
— riverine forest <50 m with decreasing south-north gradient; low  water quality and site produc-

runoff (450-550 mm yr'); low runoff tivity; sail compaction
ratio (<35%)
Ouachita Mixed  Rugged topagraphy with  Precipitation decreasing northwestward  Impact of forestry activities
Forest — relief over 300 m; nasrow  from 1,500~400 mm yr'; runoff 400-550  on water quahty and site
Meadow and valleys and floodplains mm yr'; runoff ratio (>45%) highest on  productivity
Ozark Broadleaf high elevations of the Ouachita and
Forest Boston Mountains
Prairie Parkland  Flat with elevation <5 m  Low but variable precipitation decreased  Impact of intensive pine
(subtropical) in the Coastal Plain to dramatically westward (700~1,100 mm  forest management effects
500 m in the western yr'); high ET: low runoff (50300 mm yr');  on sedimentation
Great Plains runoff ratio (5-25%).
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Seasonal dynamics of stream runoff depend on the balances of precipi-
tation (PPT) input, evapotranspiration (ET) loss, and soil moistulie
storage capacity. Across the southeastern United States potential
evapotranspiration generally is higher than precipitation in tixe summer
b\An lower in other seasons. Therefore, streamflow is the highes\[ in the
winter and lowest in the summer. Flatlands, with lower precipitation and
less-defined drainage networks, tend to display lower runoff than steep hill
and mountain regions. These differences of hydrologic characteristics

define all aspects of the water i i
quantity and quali -
ment and the design of BMPs. v AUy responses to manage

Early Research on Hydrologic Processes

Prior to the 1960s Horton overland flow was the dominant process used
to e?iplalp stormflow generation. Horton overland flow occurs when
precipitation rates exceed soil infiltration rates and the excess runs over
Fhe ground surface (Horton 1933). Although many hydrologists, startin
in the 1940s, understood that the Horton model did not fit observ’ations o%
runoff and streamflow from forested basins very well, there had been little

deve]opmen_t of alternative conceptual models for streamflow and storm-
flow generation.

Today forest hydrologists explain runoff patterns using the “variable
source area” concept and our understanding of subsurface flow. Although
these concepts were semi-independently developed by several researchers
around the world (Betson 1964; Tennessee Valley Authority 1964; Hewlett
and bebert 1967; Ragan 1967; Dunne and Black 1970a, 1970b) t,hey were
championed by southeastern forest hydrologists — princip;illy Ro ef
Betson, John Hewlett, and Alden Hibbert. The variable source a%ea
concept (Hewlett and Hibbert 1967) describes the changing source area
or portion of a watershed that contributes to runoff. This dynamic shrink-
ing and expanding source area is a product of both watershed anyd storm
characteristics. Portions of the landscape (e.g., wetlands, low floodplains
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hillslope hollows), where the water table occurs near the ground surface
for much of the year or where subsurface flows converge, frequently are
source areas. Depending on antecedent moisture conditions, these areas
can saturate quickly during rainfall and, when connected to the stream
network, will contribute to stream runoff. Interflow refers to shallow lateral
subsurface flow moving through surface soils with high hydraulic conduc-
tivities and moving over layers with restrictive conductivities. In terrain
with moderate and steep slopes and low-conductivity layers near the
ground surface, interflow is an important contributor to storm hydro-
graphs. Preferential subsurface flow pathways also are important in many
forest sites where animal burrows, root channels, and other macropores
can literally pipe flow downslope. As rainfall continues, the area of saturated
soils and the area contributing subsurface flow expands. This expanding
and shrinking contributing portion of the watershed is termed the variable
source area.

Several key studies in the Southeast advanced these concepts and theories.
In the early 1960s Roger Betson, a scientist for the Tennessee Valley
Authority, attempted to fit a mathematical model of Horton overland flow
to runoff data from mixed-cover basins in western North Carolina and
eastern Tennessee (Betson 1964). Betson found that “runoff usually origi-
nates from a small, but relatively consistent, part of the watershed.” Betson
had accidentally discovered the importance of variable source areas in
stormflow generation. Betson’s data and model indicated that only 5-40 per-
cent of watersheds were contributing stormflow, and he called these “effec-
tive runoff producing areas.” Betson’s results demonstrated why previous
efforts to calculate effective infiltration rates based on watershed response
rarely agreed with in situ measurements of soil infiltration capacities.

Hewlett and Hibbert (1967) separated stormflows out of long-term
hydrographs from 24 southeastern and eastern streams and calculated two
forms of watershed response factors characterizing the amount of precipi-
tation that became stormflow within each watershed. These response factor
metrics were fairly robust and could be calculated with an accuracy of better
than plus or minus 15 percent accuracy from six years of data. For 15 of
the 24 streams, the rainfall that became stormflow was <10 percent, and for
23 of the 24 streams, it was <20 percent. Hewlett and Hibbert linked water-
shed responsiveness metrics to the concept of variable source areas.

Hewlett (1961b) and Hewlett and Hibbert (1963) pioneered the study of
interflow with a series of inclined trough experiments conducted at the
USDA Forest Service Coweeta Hydrologic Laboratory. Interflow is the lat-
eral downslope subsurface movement of water in saturated or unsaturated
soil above a soil or bedrock layer that impedes vertical drainage. Hewlett
and Hibbert sought to explain sustained interstorm baseflow in mountain
streams in basins where saturated groundwater aquifers did not exist. They
built and instrumented a 45-ft-long and 3-ft-deep soil-filled concrete trough
inclined on a 40 percent slope, and they measured outflow for 150 days
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following saturation of the slope. Whereas large pores drained in only 1.5
days, unsaturated interflow sustained outflow from the slope for the entire
150-day drainage period. Hewlett and Hibbert's work demonstrated the
importance of interflow as a mechanism for redistributing soil moisture
and maintaining baseflows in steep topography underlain by relatively
impermeable layers.

Mountain Upland Watershed Research in the Southeast

An unusual aspect of forest hydrology research in the Southeast has
been the number of high-quality, long-term watershed studies, including
many paired watershed studies evaluating hydrologic effects of imber har-
vest. This section provides an overview of the major long-term watershed
studies located mainly in the mountains of the South. The Appalachian,
Ouachita, and Boston Mountains are sites where high-value streams and
abundant precipitation can occur. Slope steepness also can lead to higher
erosion potentials, although erosion also is influenced by soil and geology.

Coweeta Hydrologic Laboratory, North Carolina

The Coweeta Hydrologic Laboratory was formally established in 1934
and, as noted by Odum (1988), represents the longest continuous envi-
ronmental study on any landscape in North America. Coweeta is located in
the Nantahala Mountain Range of western North Carolina, within the Blue
Ridge Physiographic Province. The 2,185 ha laboratory comprises two
adjacent, east-facing, bowl-shaped basins. The 1,626 ha Coweeta Basin has
been the primary site for watershed experimentation; the 559 ha Dryman
Fork Basin has been held in reserve for future studies, including projects
currently being planned.

Elevations range from 675 m in the administrative area to 1,592 m at
Albert Mountain; this relief produces gradients in hydrologic, climatic,
and vegetation characteristics. There are about 73.4 km of streams within
the laboratory; 75 percent of the total stream length is composed of first-
and second-order streams (Wallace 1988). Two fourth-order streams, Ball
Creek and Shope Fork, drain the Coweeta Basin and join within the labo-
ratory boundary to form Coweeta Creek, a tributary that flows 7 km east to
the Little Tennessee River.

The climate at Coweeta is classified as marine, humid temperature
because of high moisture and mild temperatures (Swift, Cunningham, and
Douglass 1988). Mean annual precipitatién ranges from 180 cm at low ele-
vations to 250 cm at high elevations, and less than 5 percent of the annu-
al precipitation occurs as snow. Precipitation is somewhat uniformly dis-
tributed throughout the year. A detailed description of Coweeta climate is
provided by Swift, Cunningham, and Douglass (1988). Geology 1is
dominated by metamorphic formations including schists, gneisses, and
metasandstones (Hatcher 1988). Soils fall into two orders: immature
Inceptisols and older, developed Ultisols. The Inceptisols include Umbric
Dystrochrepts and Typic Dystrochrepts. The Ultisols are represented by
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Typic Hapludults, which cover the largest area of any soil group at
Coweeta, and Humic Hapluduits. Vegetation of the region is composed of
mixed mesophytic forests; the four major forest types have been described
by Day, Phillips, and Monk (1988) and are characterized by considerable
diversity of tree species (Elliott et al. 1997).

Since the establishment of Coweeta, 32 weirs have been installed on
streams in the laboratory, but many weirs are no longer operational (see
Figure 3-2). Currently 16 streams are gaged. Eight watersheds have
remained relatively undisturbed since the establishment of the laboratory
and serve as controls in paired watershed experiments. A wide range of man-
agement prescriptions and/or experimental treatments has been applied
over the years to Coweeta watersheds. Detailed descriptions can be found in
individual papers, which focus on each watershed (see discussion below).

Figure 3-2. Newly
constructed (1934)
120-degree sharp-crested
Venotch weir at Coweeta.
Pictured is Richard A.
Hertzler, who developed, ’
the discharge rating
equation for the 120-
degree notch while he
was employed at Coweeta.
(Photo courtesy Coweeta
Hydrologic Laboratory,
Southern Experiment
Station, USDA Forest

Seruvice. )

A baseline network for precipitation and stream chemistry measure-
ments was initiated in 1968 and expanded to the entire basin by 1972.
Routine analyses for the major inorganic constituents are conducted for
eight precipitation-gaging sites, two dry deposition sites, eight streams
draining control watersheds, and nine streams draining treated water-
sheds. Coweeta has been a site in the National Atmospheric Deposition
Program since 1980, which involves a variety of analyses of precipitation
and air chemistry.

An annotated bibliography of publications is available for research
conducted at Coweeta and/or studies utilizing Coweeta data (Stickney,
Swift, and Swank 1994); with an addendum, this compilation through
December 2002 includes 1,265 entries.

Research Program at Coweeta

The research program at Coweeta represents a continuum of theory,
experimentation, and application using watersheds as landscape units for
study. An underlying philosophy guiding the research approach at
Coweeta is that the quantity, timing, and quality of streamflow provide an
integrated measure of success or failure of land management practices.
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Hydrologic response to disturbance frequently has been used as a research
tool for interpreting ecosystem behavior. An interdisciplinary research
approach has been a key characteristic of the program. Previous papers
have documented the establishment and early research history of Coweeta
(Douglass and Hoover 1988). Subsequent long-term ecological research at
the laboratory has been reviewed (Swank, Meyer, and Crossley 2002), and
a book highlights some of the major scientific information derived from
forested watershed research at Coweeta (Swank and Crossley 1938Db).
In the following sections, we summarize these past and present research
contributions.

Early Research at Coweeta

Charles R. Hursh was principally responsible for the initial development
of the research program at Coweeta. His template for research was the
hydrologic cycle, which he considered fundamental to determine the prin-
ciples underlying the relation of forest cover to the supply and distribution
of meteorological water (Douglass and Hoover 1988). Following the estab-
lishment of an extensive network of climatic and stream gaging stations
and subsequent collection of records in the early 1930s, experimental
treatments were implemented on four watersheds between 1939 and 1941.
In three of the experiments, effects on the flow regime, erosion and
stream sedimentation of conversion from forest to mountain farming
(cornfield and pasture), cattle grazing in woodlands, and exploitative
logging were demonstrated (Lieberman and Hoover 1948a, 1948b;
Jobhnson 1952; Dils 1953; Shuder 1958). Findings from these experiments
contributed to improved land-use practices in the southern Appalachians.
In the fourth experiment, all trees were felled on a watershed (logs not
yarded off watershed) to determine changes in the hydrologic cycle
(Kovner 1955, 1957). Concurrent studies and analyses examined runoff
processes and soil hydrologic characteristics (Hursh and Brater 1941;
Hursh and Fletcher 1942: Hoover and Hursh 1943), which provided
insights into basic relations of forests and runoff.

In the years after World War I until the late 1950s, several management
practices and vegetation manipulation experiments were conducted at
Coweeta to further examine the effects of different cutting prescriptons
and vegetation type conversions on the quantity, quality, and timing
of streamflow. Findings from these studies provided new information in
syntheses that were to follow.

The 1960s and 1970s

Earlier watershed experimentation demonstrated the general effects
of land-use practices and vegetation manipulation on the quantity and
quality of streamflow, but responses were highly variable and quantitatively
unpredictable. It was clear that more detailed studies of hydrologic
processes were needed to explain cause-and-effect relationships and provide
a foundation for the development of hydrologic models.
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During the succeeding two decades, significant advances were made in
forest hydrology at Coweeta. Based on the early work of Hursh and Brater
(1941) and Hoover and Hursh (1943), Hewlett (1961a) refined the con-
cepts of streamflow generation for forested hillslopes — i.e., saturated/
unsaturated drainage from soil profiles are the processes generating
stormflow and base flow feeding Coweeta streams. This refinement was in
sharp contrast to the previously held Hortonian concept of overland flow
as the process for streamflow generation. Hewlett's concept was demon-
sqated and verified by Hewlett (1961b) and Hewlett and Hibbert (1963)
using large, sloping, artificially packed soil models. Hewlett and Troendle
(1975) subsequenty expanded these findings to develop the variable
sourcif arﬁfa model }for first- and second-order watersheds. A more
complete history on the devel i ic is gi i 2
TroeI;dle (1988?7_ opment of this topic is given by Hibbert and

The quantification and importance of rainfall interception in the hydro-
logic balgnce was a major contribution emerging from Coweeta. This
research included studies on interception loss in white pine (Helvey 1967)
and Iol?lolly pine (Swank, Goebel, and Helvey 1972) forests; hardwood
fore§t litter interception (Helvey 1964); design criteria for ihterception
studies (Helvey and Patric 1966); comprehensive literature reviews and
development of general equations for estimating interception parameters
for eastern hardwoods (Helvey and Patric 1965) and conifer forests
(Helvey 1971); and development of a model to predict water content and
evaporation for hardwood leaf litter (Moore and Swank 1975). This body
of research has been used extensively by investigators to interpret hydrol-

1og1g andl nutrient cycling responses to management and vegetation
manipulation practices.

Studies on the spatial and temporal distribution of soil moisture for
steep forested land were an important contribution from Coweeta. On the
basis of extensive soil moisture sampling in the first 2 m of soil over a seven-
year period, Helvey and Hewlett (1962) showed that soil water content
fgllowed a‘sine curve, with long-term maxima and minima at the begin-
ning of spring and autumn, respectively. The long-term annual cycle of soil
moisture was almost perfectly correlated with the annual cycle of stream-
tlow. Sc_.lentists at Coweeta evaluated the use of the neutron meter for
measuring soil moisture (Hewlett, Douglass, and Clutter 1964) and devel-
oped improved techniques for using this instrumentation (Douglass 1962,
1966). The technique subsequently was used in studies to show the source
and rates of soil moisture use by forest trees (Patric, Douglass, and Hewlett
1965).and annual patterns of soil moisture content in relation to topo-
graphic positions at a regional scale (Helvey, Hewlett, and Douglass 1972).
More specific details of both interception and soil moisture research at
Coweeta are provided by Helvey and Patric (1988).

Syntheses of watershed studies at regional and global scales for forest
treatment effects on water yield provided generalities on the relationships
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between forests and streamflow. In a review of 39 studies available at the
time, Hibbert (1966) concludes that removal of or reduction in forest
stands increases water yield and that reforestation decreases water yield.
Using experimental cutting data for hardwood forests in the Appalachian
Highlands, Douglass and Swank (1972, 1975) derived equations for pre-
dicting the first-year yield increase and the total volume of water following
cutting. This empirical model, which is based on only two variables
(percent basal cut and radiation load for the watershed), has proven use-
ful for evaluating the effects of alternative management practices on both
annual and intra-annual streamflow. Implementation of the model was
facilitated through methods developed by Swift and Knoerr (1973) for
estimating radiation on mountain slopes.
Other long-term watershed studies at Coweeta on the effects of vegetation
conversions on evapotranspiration and streamflow have yielded original
results. The first watershed-scale evidence that species conversion from
hardwood to white pine reduces water yield was reported for two Coweeta
watersheds (Swank and Miner 1968). Subsequent research strengthened
this finding and showed annual flow reductions of 20 percent, greater
evapotranspiration, and a characteristic monthly distribution of stream-
flow reductions for conversion of hardwood to pine (Swank and Schreuder
1973, 1974; Swank and Douglass 1974). Other analyses showed that
conversion to pine reduced the frequency of both high and low flows
by 30-60 percent (Swank and Vose 1994). In another original vegetation
conversion study, Hibbert (1969) described water yield changes after a
Coweeta forested watershed was converted to grass. When grass production
was high, water yield was about the same as expected from the original
forest, but as grass productivity declined, water yield gradually increased
until it exceeded yield from the forest by about 15 percent. In years of low
grass production, the frequency of flows below a minimum discharge
decreased and base flow increased (Burt and Swank 1992).

In another long-term study, a clearcutting treatment first applied to a
mixed hardwood-covered watershed in 1940 was replicated in 1963. The
flow recovery response in association with structural characteristics of the
successional vegetation provided evidence, for the first time at a watershed
scale, of the need to include leaf area index as a parameter in estimating
evapotranspiration of forests (Swank and Helvey 1970). These findings
were subsequently used in the development and testing of an evapotran-
spiration model at Coweeta (Swift et al. 1975; Huff and Swank 1985); the
hydrologic model also was validated across a wide range of forested sites
(Vose and Swank 1992).

The most definitive study at Coweeta on the effects of forest cutting on
the storm hydrograph was conducted by Hewlett and Helvey (1970). After
an 18year calibration period, the mixed hardwood forest on a 44 ha
watershed was clear-felled but not removed; there were no roads on the
watershed. The objective was to assess the basic effects of a forest cover on
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reducing peak discharge and stormflow volume. Forest harvest increased
i;(gé??;w volumes (average 11 percent) and slightly increased peak flow
: percent at mean peak flow). Volume increases were larger for
arger storms. Oth§r research at Coweeta has examined the effects of
gommermal'harvestmg on storm hydrograph characteristics (Douglass and
Swank 197§, Swank, Dopglass, and Cunningham 1982). Details of changes
gl water yleld. and timing of stream flow for watershed disturbances at

Ooweeta are given by Swank, Swift, and Douglass (1988). v

The impacts of forest cutting on stream temperatures have been studied
gxtensxyely at Coweeta. When streamside vegeration is cut, large increases
In maximum stream temperature occur (Swift and Messer 1971), but tem-
‘p:eratulfe declines towa‘rd baseline values in about five years as séreamside
Oefgetatlon regrows (Swift .1973): Th.e F:ffectiveness of a narrow buffer strip

uncut trees and shrubs in maintaining normal stream temperatures al
has been demonstrated (Swift and Baker 1973). P e

As reV}ewed by Swift (1985), forest access road design and construction
and their faffecuveness in reducing soil loss have been importan£ areas of
research since the establishment of the laboratory. Many of the rihciy les
and guidelines for forest roads have been drawn from Coweeta stidics Engl
adapt(?d by government and industry groups. The broad-based dip —
somtfiumes referred to as Fhe Coweeta dip (Hewlett and Douglass 1965?) —
fr'o ably has found the widest acceptance. Research on other specific road
eatures has been reported by Swift (1984a, 1984b, 1986). Douglass (1974)
reported on methods for sizing bridges and culverts for streams;lrain'
forested land in the southern Appalachians. M "

A pathfinding experiment was initiated in the Coweeta basin in 1962
dDemonstrate the concept of multiple-use management (Hewlcft?in?l

ouglass 1968)‘ The compatibility of managing timber, water, wildlife
and recreation was evaluated and provides an on—me—groux:xd fom}n to viev;
gnd discuss long-term results of multiple management goals (Douglass and

waé;k 1976; Swank 1998). This watershed-based study demonstrates that
zcsngs ﬁ:n A(p;}f?adllaclfzxag forefsts can be managed successfully for a variety of

. e findi i j i

managemzm Planningnfgdr;;:&};éz 'prOJect have been factored into forest

Federal and state environmental legislation in t
opportunities and needs for watersheg1 research. I;ieigzeol?itsgsff riloe:j
pomntsource pollution led to studies outside the Coweeta basin, which
Were highly focuged and of shorter duration. New information ,on the
effects of mechanical site preparation (Douglass and Swift 1977; Douglass
and Goodwin 1980), herbicides (Neary, Bush, and Douglass 1é81 1g98‘%'
NDeary 1983; Neary et al. 1985; Neary, Bush, and Grant 1986), ax’ld ﬁré
{Douglass and Van Lear 1983; Douglass, Van Lear, and Valverde 1983) on

water quality was obtained i
er >d and strongly influence
decisions of the era. B ¢ management
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Another major shift in research focus was the initiation in 1968 of
mineral cycling research in a cooperative effort between Coweeta and the
Institute of Ecology at the University of Georgia. The original objective was
to investigate the effects of experimental manipulations on nutrient cycles
and forest productivity, as revealed by nutrient and water budgets
(Johnson and Swank 1973).

1980s to Present

Nutrient cycling and associated ecological research at Coweeta has
received continuous funding from the National Science Foundation
(NSF). Swank, Meyer, and Crossley (2002) provide a programmatic
description of the research. In 1980 Coweeta was selected as one of the first
six sites in the Long-Term Ecological Research (LTER) network funded by
NSF; it continues to participate in the program.

Long-term research on precipitation and stream chemistry for control
watersheds at Coweeta provides a firm basis for evaluating the biogeo-
chemistry function of southern Appalachian forest ecosystems and evalua-
tion responses to forest management practices and natural disturbances
(Swank and Waide 1988). Precipitation chemistry is dominated by H* and
504 ions with a mean annual pH of 4.6. Streamwater chemistry of low-ele-
vation watersheds is dominated by Na+ and HCOjy; for high-elevation
watersheds, SO,* replaces HCOy. Analyses of long-term trends of mean
annual precipitation and stream chemistry show no significant trends of
increasing or decreasing acidity (Swank and Waide 1988). Seasonal trends
in concentrations and export of solutes are regulated mainly by watershed
dis¢harge. Differences in net budgets (input minus output) among control
watersheds reflect differences in bedrock geology within the Coweeta
basin and in the hydrologic responses and biological characteristics of
high- and low-elevation watersheds.

Long-term measurements of solutes have been made for streams draining
many of the disturbed watersheds at Coweeta (Swank 1988). Comparisons
of annual nutrient budgets for control versus disturbed watersheds illustrate
the importance of evapotranspiration processes in regulating biogeo-
chemical cycles. Chemical budget data, combined with process research,
also demonstrate the importance of biological processes (decomposition,
net primary production, uptake, and storage of nitrate by vegetation) in
regulating nutrient retention and loss from forest ecosystems. Relative to
some forested regions of the United States, increases in streamwater nutri-
ents are small in the Coweeta watersheds, even for the most drastic vege-
tation disturbances, and have no adverse impact on water quality for
municipal water supplies or downstream fisheries.

The effects of natural disturbances on stream chemistry also have been
observed at Coweeta for outbreaks by two different insects (Swank et al.
1981; Swank 1988), extensive tree blowdown from hurricanes (Swank and
Vose 1997), and ozone damage to vegetation (Swank and Vose 1990/91)
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Other syntheses of watershed ecosystem studies at Coweeta evaluated the
long-term changes (20 years) in vegetation, hydrology, and water qugh[y
parameters following commercial clearcutting (Swank, Vose, and El.hott
2001; Elliott, Boring, and Swank 2002); assessed stages of watershed nitro-
gen saturation in the context of altered nitrogen cycles and stream
responses to disturbance (Swank and Vose 1997); aqd documented long-
term forest management effects on soil carbon and nitrogen (Knoepp and
Swank 1997a) and soil cations (Knoepp and Swank 1997b).

The collaborative, interdisciplinary research program at Coweeta has
produced a wealth of new knowledge in many areas of forest ecosystem
science — much too extensive to describe in this chapter. Perhaps the
most relevant topic is the considerable research on stream biota, organic
matter, and nutrient dynamics that has been conductetd at Cf)yveeta over
the past three decades. Several summary papers contain specific findings
on this topic, including Wallace (1988); Webster et al. (1988, 2000);
Wallace, Grubaugh, and Whiles (1996); Webster and Meyer (1997);
Meyer, Wallace, and Eggert (1998); and Wallace et al. (1999).

Coweeta also has been a cooperator in several additional large, interdis-
ciplinary projects over the past two decades. In one correlated study of
forests across seven states, watersheds were used to evaluate the effects of
whole-tree harvesting on soil cation budgets (Johnson et al. 1988; Mann et
al. 1988). Subsequent analyses examined the long-term effects of manage-
ment on soil carbon (Johnson et al. 2002). In another effc')ft, the
Integrated Forest Study evaluated the effects of atmosphere deposition on
nutrient cycling at 17 forested sites in the United States, Canada, 'and
Norway (Johnson and Lindberg 1992). Two watersheds at Coweeta (:mx.ed
deciduous and white pine forest types) were included in the study. A major
focus of the research was testing of hypotheses regarding the effects of
atmospheric sulfur and nitrogen deposition on forest nutrient cycles; the
project was noteworthy for its incorporation of state-of-the art met}}o‘ds for
measuring dry and cloud water deposition in addition to wet deposition. A
nutrient cycling model (NuCM) derived from the effort was subsequeptly
modified and validated through simulation of soil and stream chemical
responses of several Coweeta watersheds (Johnson, Swank, and Vose 1993,
1995; Johnson, Susflak, and Swank 1998; Johnson et al. 1999), Results from
this research provide confidence and guidance in applying the model
to assess a variety of environmental issues associateq with atmospheric
deposition effects on forest soils and streamwater quality.

Ecosystem management is an operating philosophy of the USDA Fox_‘est
Service. The object of ecosystem management is (o use ecologllcal
approaches to achieve broader multiple-use objectives. A dem.onstrat%on
project on ecosystems management was initiated in 1994 on Wine Spring
Creek, a 1,820 ha watershed near Coweeta (Meyer and Swank 1996; Swank
1998). This project provides an integrated, interdisciplinary ecosystem
approach to research, planning, and management. Partners in the study
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include more than 60 scientists and land managers in six research units in
the Southern Research Station, National Forest System, and eight univer-
sities, along with conservation and environmental groups, state agencies,
and the public (Swank and Tilley 2000). The project is organized around
themes of ecosystem restoration, forest sustainability, human and economic
values, and ecosystem structure and function. These multifaceted studies
are providing new knowledge, technology transfer, and management
benefits. More than 50 papers and reports document the findings from
this research. These papers include topics of environmental responses in
the use of fire to restore pine~hardwood ecosystems (Vose et al. 1999) and
vegetation dynamics following burning (Elliott et al. 1999); diversity
of riparian forests in rhododendron thickets (Baker and Van Lear 1998);
salamander and small mammal responses to silviculture practices
(Bartman et al. 2001; Ford et al. 2001); response of forest floor
microarthropods to burning (Crossley, Hansen, and Lamoncha 1997);
trout use of woody debris and habitat in Wine Spring Creek (Flebbe 1999);
the effect of riparian zones in structuring small mammal communities
(Laerm et al. 1997); and analytical tools for synthesizing the multiple
values of the watershed (Swank and Tilley 2000).

The use of fire as a management tool in southern Appalachian forests
and its effects on vegetation, soil, water, and air quality represent a major
new research thrust and management contribution at Coweeta.
Comprehensive experimental assessments have been conducted on
alternative prescribed burning techniques to restore pine~hardwood
ecosystems in the region (Clinton, Vose, and Swank 1993, 1996; Vose 1994;
Vose et al. 1997; Clinton et al. 1998; Vose et al. 1999) and emissions from
forest burning in the southeastern United States (Vose et al. 1996).
Current research efforts are focusing on three areas: determination of the
historical role of fire in shaping ecosystem structure and function; long-
term effects of restoration burning in xeric pine-hardwood ecosystems;
and effects of restoration burning on mesic forest community types.
Considerable debate surrounds the historical role of fire in shaping
ecosystem structure and function. Increased information on historical uses
(e.g., when? where? how often?) will provide considerable insight into
effective reintroduction of fire in the southern Appalachians. Coweeta is
remeasuring permanent plots in watersheds burned several years ago and
conducting new watershed-scale studies on the effects of prescribed fire on
midslope and cove forest ecosystem processes. In addition, the scope of
Coweeta’s fire research is expanding throughout the South. Fire can play a
significant role in runoff, sediment yield, and nitrate transport in aquatic
and terrestrial ecosystems. Coweeta is measuring and modeling the effects
of wildfire and prescribed burning on forest hydrology in the mountain,
piedmont, and coastal plain regions of the southern United States.

Groundwater pollution is a major problem in many areas of the United
States. Conventional cleanup methods, such as pumping and treating
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groundwater, are costly. Coweeta is engaged in a multiagency collaborative
project to evaluate the use of trees to accumulate and metabolize pollu-
tants in shallow groundwater — a process called phytoremediation. To be
an effective tool, vegetation must transpire a substantial quantity of water
from the location of the pollutant plume (such as the soil horizon and/or
groundwater). Coweeta has quantified transpiration in young poplar plan-
tations as well as native vegetation, using direct measurements and
modeling and linking those predictions with groundwater models devel-
oped by collaborators (Eberts et al. 1999). The linkage suggests that over
a 12-year period, trees planted for phytoremediation have the potential to
reduce groundwater pollution by 50-90 percent. However, the model also
predicted an actual decrease of only 20-30 percent because of an increase
in groundwater inflow and the release of water from storage in the aquifer
(Vose et al. 2000). The rate of uptake of water (transpiration) in poplar
stands was quantified to evaluate the use of trees to clean up shallow
groundwater pollutants. Results indicated that a substantial amount of
groundwater was transpired by poplar in the first few years of establish-
ment (Vose et al. 2000). Transpiration estimates for stands in the future
suggest that phytoremediation is a potentially useful tool. Phyto-
remediation success will depend, however, on the hydrologic characteristics
of the site. Where phytoremediation is applicable, a significant cost gavings
will be realized relative to conventional cleanup methods.

In recent years hydrologic investigations have included syntheses of
long-term watershed studies; development and application of a hillslope
hydrology model (Yeakley, Meyer, and Swank 1994; Yeakley et al. 1998);
development/application of evapotranspiration runoff models (Vose and
Swank 1992; Jakeman and Hornberger 1993; Chen et al. 1995; Post, Grant,
and Jones 1998; Vose and Maass 1998; Worrall, Swank, and Burt 2003); and
evaluation of the cumulative impacts of land use on water
quality in a southern Appalachian watershed (Swank and Bolstad 1994;
Bolstad and Swank 1997). Long-term hydrologic studies will continue to be
a core element of the research program at Coweeta. Watershed behavior at
the time scale of forest stand development provides new information and
insights that are important to natural resource managers and the develop-
ment of more rigid hypotheses. Although much has been learned, experi-
ence at Coweeta has shown unexpected long-term response to both natu-
ral and managed disturbances. Hydrologic investigations and databases also
form a template that is essential to understanding broader and more com-
plex environmental issues such as climate change, carbon cycling, and
atmospheric deposition as they relate to effects on water resources and the
productivity and health of forests. Thus, experimental watersheds provide
a framework for detecting integrated effects of disturbance on water
resources, developing hypotheses on cause-and-effect relationships, and
testing such hypotheses.
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Fernow Experimental Forest, West Virginia

In 1933 the Fernow Experimental Forest was established on Elk Lick
watershed in the mountains of West Virginia because of the emerging
need to address the connection between timber and watershed manage-
ment. The original tree cover on the 3,640-acre Elk Lick watershed, part of
the Monongahela National Forest, had been logged off between 1903 and
1911. By 1931 that watershed was accessible with a road network; free of
major fire effects; and deemed to have soils, tree species, and topography
representative of much of West Virginia. Trimble (1977) and Adams et al.
(1995) provide a history of the Fernow Experimental Forest, the Parsons
Timber and Watershed Laboratory, and documentation of the research
program.

The guiding mission for Fernow’s first half-century of watershed research
was “to determine effects of forest resource management on quality, yield,
and timing of streamflow; and to develop methods for improving water
yield and timing of forest streams without detriment to water quality.”
Between 1950 and 1954 stream-gaging stations suitable for research on
small watersheds (Reinhart and Pierce 1964) were installed on five exper-
imental basins (watersheds 1 through 5), ranging in area from 38 acres to
96 acres. One of that original set (watershed 4) remains a permanently
untreated control. The others were logged after a six-year period of cali-
bration. Firstyear streamflow gains following logging ranged from 0.3 to
5.1 area inches, and gains were clearly linked to increasingly heavy timber
cut (Reinhart and Eschner 1962). Regrettably, logs were skidded, with min-
imal concern for the effect on the watershed. Thus, where timber was most
heavily cut, skidding impacts were greatest. Where timber was less heavily
cut, skidding impacts were smallest. Although only minor stormflow
responses were observed, major stream turbidity responses were measured,
and these were mistakenly attributed to tree cutting rather than logs being
dragged along overly steep skid trails and within stream channels.
Regardless of tree-cutting severity, the forest floor remained largely intact,
and infiltration remained high on all four watersheds except the portions
of the watershed with roads and skid-trails (Reinhart and Eschner 1962).
There was no evidence of soil loss where the forest floor was undisrupted
— a hydrologic performance key later adopted for BMPs. Turbidity caused
by log skidding practices (Table 3-2) returned to pre-timber harvest levels
on all four of the treated watersheds within two years after skid trail use
and logging/yarding disturbances in the channel were discontinued.

The formerly commercial clearcut watershed (watershed 1) was left
untreated from 1956 to 1971, when 500 pounds per acre of urea were
applied — about 18 percent of which was lost in streamflow during the first
year after application (Aubertin, Smith, and Patric 1973). Virtually unde-
tectable hydrologic effects of repeated extensive selection cutting on
watershed 5 eventually warranted discontinuing these hydrologic studies.
A repeat diameter-limit cut in 1972 (watershed 2) again caused minor

48

CHAPTER THREE

Patric and Aubertin
) also caused
water quality.
rly located

streamflow increases, with water quality upaffected (‘} e
1977). Follow-up intensive selection cutting (wzjxtcfr:‘; 1§,c
minor streamflow increase with minimal effe.us (mr ‘
Watershed $ was clearcut in 1969, with c:areful }oggmg og };mp{c y locee
and managed roads and with a shade strip rfttamed ‘al.gr;g t }; j- ie, o o (;- ¢
year streamflow increased about 10 in., with neghg}b e effec zmq[ v m}
quality (Patric 1980). This finding represented a ‘,slg'mﬁcvzu'xt‘goglu -m;mmun;
first studies, in which water quality was Qmmaclcall\/ unpagtc' . 1 anmoniu®
sulfate was applied to simulate acid rain on watershe(é C 1139%; ,the o
e eon (‘A;dam& Edwardséggxdo%?lsﬁfﬁngi;i:heciﬁkrén'lain sites

ing regained complete tree cover. ) )5 Water: s rem ;
2? zlcr)frjng,ing observftion about acidifying effects on fgrelst :egizw.:f(f):lc[z?\i
and streams (Adams, Angradi, and Kochen_d@rfer {9.9'/). n (?11 1(),94) 1S O
soil and herbaceous plants have been negligible (Gilliam et al. 1994).

Table 3-2. Frequency Distribution® of Turbidityb Samples during Logging® on Watersheds
Roaded under Increasingly Stringent Erosion Control Measures

Number of Stream Samples Maximum
Erosion Control Measuresd on per Turbidity (JTU) Class Turbidity
1on Lon
mE;perimental Watersheds 0-10 11-99 100-999 1,000 UTY)
Ed
i 13 56,000
Channel skidding OK; unrestricted 126 40 24
road location; grades up to 40%;
no water bars; 7.3% o watershed
in roads or skid trails 7 .
Channel skidding OK; unrestricted 17 17 8 ,

road location; grades up to 30%;
water barred at about 35 ft intervals.
6.2% of watershed in roads or skid trails

No channel skidding; unrestricted
road location; grades up to 20%;
water bars as needed; 5.8% of
watershed in roads or skid trails

No channel skidding or wet weather 201 2
logging; roads about 40 ft from stream;

Wate(%arred and seeded after logging;

road grades up to 20%; 1.9% of

watershed in roads and skid trails

Undisturbed forest, i.e., experimental 202
control watershed

195 8 0 0 210

@ From Reinhart and Eschner (1962).

b Reported as Jackson turbidity units {Ty) —~
Streamwater. N v o el

C Turbidity in streams draining all logged watersheds returne eve
logging ceased. ,

d Forest floor minimally disturbed wherever there were no logging roa
and overland flow was minimal.

- roughly equivalent to parts per million of sediment in samples of
n undisturbed forest within 2 years after

ds or skid trails, infiltration remained high,
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After a two-year period of calibration, watersheds 6 and 7 were clearcut
during 1964 and 1965. Both were maintained barren until 1970 by
applying more than a ton of herbicides mixed with several hundred

gallons of diesel fuel. Considerable air and soil surface heating resulted .

from changed albedo and upward thermal radiation (Hornbeck 1970).
Annual streamflow increased about 11 in. — probably the maximum
achievable on Fernow watersheds. Infiltration remained far above rainfall
intensity; so, given careful road location, overland flow and sediment rarely
reached either stream channel. Turbidities at low flow never exceeded 5
ppm (Patric and Reinhart 1971), with the range during stormflow (about
30 ppm to 130 ppm) differing litde from turbidity on the control. The
Public Health Service’s laboratory at Wheeling, West Virginia, tested occa-
sional low-flow samples, always finding them within that agency’s standards
for drinking water. By 1973 watersheds 6 and 7 supported dense stands of
brush and herbaceous vegetation, with increased abundance and diversity of
small mammal populations (Kirkland 1977). Planted Norway spruce (water-
shed 6) and natural hardwood reproduction (watershed 7) thrive, growing
at rates commensurate with tree regrowth on conventionally logged land
(Kochenderfer and Wendel 1983). Thirty years of subsequent observation
(Patric 1995) show minimal effects of induced barrenness on soil, water,
wildlife, and closed forest stands that are continuing to develop rapidly.

Watersheds 8 and 9, which were farmed at about the end of the 19th
century (Lima, Patric, and Holowaychuk 1978), were the last basins on the
Fernow to be treated. Partially reforested by 1988, watershed 8 was
accessed and logged from minimum standard roads during 1983 and
1984, then mechanically prepared for planting to Japanese larch. Even
with a 3.5 acre untreated buffer strip along the stream, sediment loading
averaged about six times greater than on the permanently forested control
(watershed 4) — an effect attributed to its history of farming and to a
single record-setting rainstorm during site preparation (Kochenderfer and
Helvey 1989). No forest management studies have been undertaken on
the newly established watershed 10 (211 acres).

In keeping with the original mission statement, a half-century of hydrol-
ogy research on the Fernow Experimental Forest has evolved substantially
to deal with roads as an important sediment source in managed forests.
The desirability of lower road densities led to tests of skyline harvesting,
with road density only 25 percent of that required by conventionally used
skidders (Kochenderfer and Wendel 1978). Only 3 percent of the skyline-
logged land was severely disturbed, leaving more than 90 percent hydro-
logically unaffected (Patric and Gorman 1978). Measurement of road
erosion and development of BMPs to minimize soil loss has led to
widespread use of the minimum standard road (Kochenderfer, Wendel,
and Smith 1984), greatly reducing stream turbidity during road construc-
tion and logging (Kochenderfer and Hornbeck 1999) {Figure 3-3). Table
3-3 summarizes average watershed soil loss from harvest activities and road
runoff for several treatments applied at Fernow.
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Figure 3-3. Rolling dip road
on Fernow Experimental
Forest minimizes concentra-
tion of flow on road surface.

Table 3-3. Watershed Average Soil Loss for Several Watershed Treatments Applied at Fernow

Observation Site Soil Loss (t ac* yr')

Fernow watershed 4, permanently forested 0.02
(Kochenderfer and Helvey 1989)
Well-managed logging with BMPs 0.05
(Kochenderfer and Hornbeck 1999)
Probable average for typical forested land in 0.10 .
eastern United States (Patric 1976)
Elk Lick watershed roads frequently close to creek 0.23
(Kochenderfer and Helvey 1987)

1.44

Careless logging on watershed 1, skidding in
stream cha?\%elg (Kochenderfer and Hornbeck 1999)

Watershed Research in the Hills and Piedmont of the Southeast

Between the wetlands, flatwoods, and mountains of tbe Sout}x is the
important hilly topography typical of the upper Coastal Plam and'Pxedmom
regions. Much of this region had been managed for agchlture in the past
but has reverted to forest. Two key projects in this domain include research
of the Oxford Hydrologic Laboratory in Mississippi and the B.F. Grant
Memorial Forest in Georgia.

Oxford Hydrologic Laboratory, Mississippi ‘

The USDA Forest Service’s Forest Hydrology Laboratqry in Qxford,
Mississippi, began operation as the Tallahatchie Resea}rch Center in 1945.
Early research at the laboratory was coordinated with the' Yazoo{.x‘ttle
Tallahatchie Flood Control Project to identify tree species, planting
techniques, and other erosion control measures that would best ensure
stabilization of millions of acres of severely eroded and abandoned agri-
cultural land in northern Mississippi and western Telxpessee. AIn 1956 there
were four major objectives: develop techniques for improving the effeo
tiveness of remedial land treatments; design and plan minor engineering
structures and improvement works for erosion control; evaluate the
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effectiveness of land treatment
needs (Ursic 1967: Williston 1988).

Loblolly pine proved to be the most effective
identified, for a varie
of planting, good survival, fast early growth, excellent needle cast, and
abundant lateral roots. Research showed that, in general, by the time a
pine plantation reached age five years — normally the age by which crown

closure is achieved — a litter layer was produced that was sufficient to

promote infiltration and reduce soil erosion (McClurkin 1967; Ursic and
Duffy 1972; Williston 1988).

In 1962 the research mission of the Oxford Research Center was divided
into two projects: Coastal Plain Hydrology, under project leader Stan Ursic
(Figure 3-4); and Rehabilitation and Management of Severely Eroded
Watersheds, under project leader Doug McClurkin, Much of the reported
research during the late 1960s pertained to the utility of containerized
seedlings, the effects of silvicultural regimes on forest litter depth and
weight, and the effects of converting low-quality hardwood stands to loblolly

pine on soil moisture, storm flow volumes, and sediment losses (Ursic

1963, 1970; Ursic and Dendy 1965; Dickerson 1972).

T Gy —
: y

Figure 3-4. Dr. Stan Ursic of
USDA Forest Service explains
the operation of 3 ft H-flume,
2 f coshocton wheel, and
splitler used to collect runoff
samples from a forested
watershed as part of

the Oxford Hydrologic
Laboratory in Mississippi.

During the 1950s and 1960s experimental watersheds and runoff plots
were established and instrumented at several locations across northern
Mississippi to address the following issues:

* Effects of converting old fields to lobloll

y pine on water yield and sediment
losses (Ursic and Dendy 1965; Ursic 19

69; Ursic and Douglass 1979)

e Effects of thinning and harvesting operations on the forest floor, water
yield, and sediment losses (Ursic and Dendy 1965; Ursic 1970; Dickerson
1975; McClurkin, Duffy, and Nelson 1987)

These studies showed that planting pines on old fields decreased soil
moisture during the growing season and decreas
flows and summer base flows. Conversely,
tions increased annual water yields roughly

ed annual average stream-
thinning and harvesting opera-
proportional to the percentage
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programs; and provide basic information

erosion control species
ty of reasons: adequate source of seedlings, simplicity

of the forest cover removed and caused Short~term. increases in fjl{ggr&;
losses. Some of the experimental watersheds established c;m;ng 12516 ~Cah-
and 1960s remained undisturbed until the 1970s to esc;p is ;g 1;€di,mem
brations for differentiating treatment effects on storm (;\g;oa e L8t
losses (Ursic and Dendy 1965; Ursic and Duffy 1972; Ursic , O,

In the 1970s research was initiated to evaluate the effeqs oqf’]frorels{t ?:211

agement practices on natural groundwater recharge (Urt[sxch} ¢ u}vl)dmz;bed
j i basic research on water movemen sturbe
S . d deep percolation (Beasley 1976).
, including subsurface flow and deep pe !
g:}elztj stludies megasured the effects of upland haltdwood co??/egsloln,(fgiiif
thinning, and clearcutting on soil moistureh(Ugmc 1?82). d(:ilan (;;;; p?anm;g
7 i illi he hardwoods and unde :
sion of hardwoods to pines by killing t 1 planthe
& i 1 i i d mean annual water yie
loblolly pines increased soil moisture an N e
ich t large enough to transp
t five vears, at which time the pines were larg enough

?rtl)t?cuh slgil }rrnoisture as the hardwoods had prior to conversion. Ai;tfi:x:?gk

ean annual water yields from the converted watershe.(.is were e;f ts "
ﬁllose from upland hardwood watersheds. However, relating the e t;)ce °
forest manipulations on deep groundwater recharge 'proved'n,t)' n‘“:ag
unresearchable task. As a result, the project’s work uncllt dei;?i flfc; i O}

i S h concentrated on the ¢
ised mid-1975, and subsequent researc . f

irr?‘tjésrfsive forest management on streamflow and water quality (Ursicsl 974,
1975, 1986; Beasley 1979). . )

In the late 1970s the Uplands Hardwood Rgsearch Unit at Fzgfectltexlxlle,
Arkansas, was combined administratively Wl[h the Forést lhy ]rs Sogo*»;
Laborato’ry (Lawson 1985). Studies were initiated to evaluate the ;.eds
nutrients in storm runoff from forested and harvesteci(‘lwalt(?;set N
(Schreiber, Duffy, and McClurkin 1976;8 I;;Jfli;y etlaL 1107;36 cl;/lt%;tuvl;atemhed

: 1 1987). Results sho she
1985; McClurkin, Duffy, and Nelson ‘ !
disturbances increased levels of phosphorus (both qrtho and totgllj)l,nm;;czi

en (total Kjeldahl, nitrate, and ammonium), calcium, magnes\x 1 , d
gomssium in streamflow. Much of the %)hos}ghorus (P) izs:n\t«/?gsi g:(glogm

i i -al. 1978). However, nu ses

d tion to sediments (Duffy et al ! . .

?lisst?;};)ed forests were small relative to those from agricultural land
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constituemg and to track their movements. Budget cuts by the USDA
Fo're’st Service during the 1990s led to a major reduction in the research
mission of the Oxford Forest Hydrology Laboratory.

B.F. Grant Memorial Forest, Georgia

In 1973 staff members from the University of Georgia began a study to
determine “the effects of forest harvesting and regeneration on the quality,
quantity and timing of water flows from Piedmont land. The intent was tc;
find out the extent to which hydrological and mineral cycles are altered by
‘normal’ forest practices, and to predict the effect in a manner useful to
forest land managers and to planners of ‘best’ management practices...”
(Hewlett 1979). Two Piedmont watersheds (an 80-acre treatment water-
:shed and a 105-acre control watershed) in the B.F. Grant Memorial Forest
in Georgia were monitored and calibrated for a year. These watersheds
were typical of many Piedmont forests, with a legacy of severely eroded
soils resulting from cotton farming between 1880 and 1920. One of the
legacies of the farming was a gully network. Commercial harvesting was
conducted in 1974, and the harvesting was followed by typical mechanical
site preparation and machine planting. Monitoring included continuous
dlschz}rge recording (using an H-flume and stage recorder); sediment
sarpplmg (using a coarse sediment trap and Coshocton wheel with slow
splitters); temperature (using recording thermographs); and dissolved

minerals (using weekly grab samples and self-operating vacuum samplers
for storm events).

' Water yields increased significantly following harvesting and regenera-
uon treatments (increase of 10 in. annual water yield over the watershed).
Stormflow volumes increased by 27 percent for 1 in. storms and about 10
percent for 2 in. storms. Peak discharge, measured in units of cubic feet
per second per square mile (csm), increased by 100 percent for small
events following treatments but declined with higher peaks. Sediment
increased substantially following treatments. Hewlett (1979) concluded
that 90 percent of the increased sediment from these silvicultural activities
(pver the 30Tyear rotation) came from roads and channel damage from
site preparation and planting operations. “Good roading and streamside
management, plus hand-planting of the lower 25 percent of the basin
would probably have held average mass export to about 100 Ibs/ac/ year.’:
Forest management activities did not significantly affect baseflow nutrient
concentrations, although nutrient export loads were increased because of
increased runoff. Water temperatures were appreciably increased after forest
management activities; summer maximum temperatures increased by 11°F.
The thin buffer was assessed to be inadequate to provide sufficient shade.

~ The B.F. Grant Memorial Forest project was especially important because
it extended our understanding of watershed response to Piedmont condi-
tions, investigated how “normal” forest management affected water quality,
extrapolated effects over a full rotation, and provided practical guidelines t<;
significantly reduced impacts — especially increases in sediment.

54

CHAPTER THREE

Hydrology Research in Wetland and Other Poorly Drained Sites

Moving along a continuum of watershed relief, we come to research in
poorly drained forest sites, especially those classified as flatlands and wet-
lands. The effects of timber harvest on wetland hydroperiods and water
chemistry has been a major area of research in the South. The Southeast
has about 35 million acres of forested wetland, or 65 percent of total
forested wetlands in the conterminous United States. Dominated by river-
ine wetlands (alluvial floodplains), southern forested wetlands also include
organic soil flats (pocosins), mineral soil flats (wet pine flatwoods), and
depressions (Carolina bays, cypress swamps, mountain fens). Overbank
flooding is the major source of water and nutrients for riverine wetlands,
and precipitation is the primary source of hydrologic and chemical input
to other types of wetlands.

Evapotranspiration often is the second largest hydrologic component in
the water budgets of wetlands. Wetland hydrology is represented by
extremely dynamic fluctuations of the water table, varying periods of satu-
ration (hydroperiod), and complex interactions of precipitation, evapo-
transpiration, and surface water and groundwater flows. Compared to
upland hydrology studies, wetland hydrology research in the southern
United States is relatively new (Sun et al. 2001); most of the hydrologic
studies on forested wetlands have occurred in the past two decades.

One of the driving forces of early wetland hydrology studies in the 1970s
was using forested wetlands as a low-energy alternative to recycle secondary
treated wastewater (Ewel and Odum 1984). For this purpose, Heimburg
(1976) conducted probably the earliest and most complete forested wet-
land hydrology study in the South. Notable long-term, paired-watershed
studies on coastal plain wetland settings include the IMPAC studies at the
Bradford Forest in Florida (Riekerk 1989a) and the Santee Experimental
Forest in eastern South Carolina (Richter, Ralston, and Harms 1983).
Those watersheds were established in the late 1970s to address the
emerging environmental issues of intensive forest management on wetland
landscapes.

Large-scale, multiple-site comparison studies on wetland hydrology started
in the early 1990s to examine how timber management affects wetland
ecosystem functions and values (Shepard, Lucier, and Haines 1993).
Across 13 southern states, more than 70 research sites are currently con-
ducting forest wetland research at different scales. Research results have
been summarized in review papers by Riekerk, Neary, and Swank (1989);
Shepard (1994); Walbridge and Lockaby (1994); lockaby, Trettin, and
Schoenholtz (1999); NCASI (1999b); and most recently Fulton and West
(2002). Here we describe the research findings by wetland types and then
follow with focused discussions of key watershed research at the IMPAC
study in Florida, Santee Watershed in South Carolina, Belle Baruch
Hydrologic Institute in South Carolina, North Carolina State wetland
research, and Mobile-Tensaw River Delta Study in Alabama.
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Wetland Types

Riverine Wetlands

There are more than 12 million ha of bottomland hardwoods forest in
the southern United States. A series of harvesting experiments have been
conducted to examine their ecological responses to timber harvesting
(Aust, Lea, and Gregory 1991; Crawford et al. 1993; Lockaby et al. 1994,
1997; Aust et al. 1997; Messina et al. 1997).

Harvesting bottomland forests usually has little long-term effect on
hydroperiod if BMPs are followed (Lockaby , Stanturf, and Messina 1997)
or alternative harvesting methods (e.g., helicopters) are used (Perison
1997; Rapp, Shear, and Robison 2001). The most common hydrologic
change following harvesting of bottomlands is a rise in the water table
(Aust and Lea 1992; Wang 1996; Lockaby et al. 1997, Perison 1997. This
“watering-up” is attributed to several causes: reduction of canopy inter-
ception and plant transpiration; reduction of soil saturated hydraulic
conductivity and increase of bulk density if harvesting sites are severely
disturbed; and increase of surface water storage and blockage of surface
and subsurface drainage. One exception to this pattern is reported for
dark-colored organic soils, where the water table dropped 20-40 cm during
the postharvest period (Lockaby et al. 1994). The cause of this unique
response is not well understood. The water table effects of forest harvesting
on floodplains are most pronounced during the first two growing seasons
(Wang 1996; Lockaby et al. 1997).

Onssite water quality effects of harvesting floodplain forests are minor
becguse of the low intensity of site disturbance (Wang 1996), unique
hydrologic processes (slow-moving water), and increase in surface rough-
ness for sediment and nutrient retention (Aust, Lea, and Gregory 1991,
Rapp, Shear, and Robison 2001). Treatment effects often are overwhelmed
by seasonal flooding events (Perison 1997).

Depressional Wetlands (Cypress Domes and Carolina Bays)

The southeastern United States, especially areas in Florida and the
Atlantic Coastal Plain, contains many depressional wetlands that are
seasonally dry and isolated from streams or rivers (Tiner et al. 2002).
Examples are cypress domes (ponds), Carolina bays, and pocosin
wetlands. These depressional wetlands can be important habitat for
reptiles and amphibians (Russell, Guynn, and Hanlin 2002). Many of these
small, isolated wetlands are imbedded in wet pine flats that are intensively
managed for timber production.

Heimburg (1976) found that surface water in cypress domes was closely
coupled with groundwater in surrounding pine flatwoods. Depending on
the specific location of the cypress dome on the overall landscape, three
groundwater flow patterns were postulated: flow-in, flow-out, and flow-
through domes. These three flow scenarios subsequently have been con-
firmed (Crownover, Comerford, and Neary 1995; Sun, Reikirk, and
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Korhnak 2000; Bliss and Comerford 2002). Carolina bays have similar
hydrologic behaviors to cypress domes (Lide et al. 1995).

Echoing the responses to forest management demonstrated in bottom-
lands, reports from a hydrologic impact study conducted at the 42 ha
cypress ponds/pine flatwoods mosaic site in north-central Florida
(Crownover, Comerford, and Neary 1995; Sun, Reikirk, and Korhnak
2000; Bliss and Comerford 2002) suggested that tree removals from isolated
wetlands and surrounding uplands resulted in water table rise and runoff
increase. Compared to the nonharvested plot, water tables were signifi-
cantly raised (as high as 100 cm) for two treatments: wetland and
surrounding upland harvesting, and wetland harvesting only. This water
table effect was greatest during the first dry growing season. Water tables
were somewhat lower than the control in the subsequent relatively wet
years. The hydrologic regime at this site appeared to have recovered with-
in five years. A retrospective 25-year study on a similar landscape in the
coastal plain of Georgia describes the development of a dense herbaceous
understory in cypress wetlands following adjacent timber harvest, but the
results suggest that solar radiation and increases in nutrient availability
were the drivers of the vegetative change, not hydrology (Batzer, Jackson,
and Mosner 2000).

Few data are available on the water quality effects of harvesting ifolated
wetlands. Ewel (1985) found that total nitrogen and organic N were
increased substantially in cypress swamps immediately after thinning but
were lower than baselines three months later. Forest harvesting did not
have an important effect in surface water or pore water phosphorus con-
centrations in the flatwood/cypress pond transects at the aforementioned
42 ha study site in Florida (Comerford and Freitas 1997).

Wet Flats and Pocosins

Wet flats and pocosins lie in broad interstream divides on poorly drained
soils. On higher elevations wet flats are better drained than pocosins that
develop thick organic layers. Many of the wet pine flats and pocosins have
been used for intensively managed timber production. Forest harvesting
practices generally result in short-term water table rise and an increase in
runoff. A long-term watershed-scale study at the Bradford Forest on a
cypress-pine flatwoods landscape in northern Florida reported that maxi-
mum disturbance in a 48 ha watershed caused a 15 ¢cm (150 percent)
increase in water yield; the minimum disturbance in a 64 ha watershed
resulted in an insignificant increase of 3 cm in water yield (see IMPAC
discussion later in this chapter). Water tables rose significantly for both
treatments, especially during drought months (Riekerk 1989a, 1989¢). In
the sixth year post-treatment, runoff from the maximum disturbance
watershed was still significantly higher, but the increase was reduced from
150 percent of predicted runoff to 65 percent of predicted runoff (based on
aregression using the control watershed runoff). The groundwater tables in
both disturbance sites remained higher than for the control site. Hydrologic
changes in water table and runoff were most pronounced in dry years.
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Harvesting under wetland conditions such as on wet pine flats may cause
alteration of soil hydrologic properties (e.g., hydraulic conductivity,
macropores) from soil compaction, rutting, and puddling (Greacen and
Sands 1980). The physical property changes affect subsurface flow and
water table depth. Soil compaction, rutting, and puddling impacts gener-
ally become greater with increased soil wetness, clay content, and traffic
(Green, Stuart, and Perumpral 1983). However, Aust et al. (1995) found
that the hydrology of poorly and very poorly drained soils was less altered
by skidding than that of moderately well drained or somewhat poorly
drained soils.

An ongoing long-term intensive field-scale study on wet pine flats in
South Carolina examined the hydrologic and site productivity effects of
two harvesting schemes: wet-weather harvesting and dry harvesting
(Preston 1996; Xu et al. 2002). Two site preparation levels (nonbed and
bed) were randomly assigned to both dry weather and wet weather har-
vested plots; an additional level (bed and mole plow) was applied only to
the wet weather harvested plots. Tree removals alone resulted in a raised
water table of 14 cm and 21 cm on the dry and wet weather harvesting
plots, respectively, with the maximum difference (>10 cm) occurring dur-
ing the growing seasons (May through October). Churning and deep rut-
ting resulted in a significant effect on the water table for wet harvest areas
but not for dry harvest areas. Bedding lowered water tables initially for
both harvesting regimes, but the dry harvesting site recovered rapidly with-
in two years after replanting. Further analysis of soil physical properties
concluded that bulk density, macroporosity, and hydraulic conductivity
wete significanty affected by all levels of wet harvesting disturbance. Dry
weather harvesting also altered soil physical properties. From a spatial
perspective, wet weather harvest created a much higher degree and extent
of impact than did dry harvest (Xu et al. 2002). Overall, the study suggests
that water table depth change was caused by change in vegetation, not by
the altered soil properties from harvest traffic. Changes of soil physical
properties resulting from harvesting and regeneration practices also were
reported for a wet pine flat site in North Carolina, where soil macroporosity
was reduced by half within a 200 cm profile (Blanton et al. 1998).

Forest harvesting followed by site preparation activities in wetlands has
the potential to disturb surface soils, alter surface and subsurface flow
paths, increase water yield, and accelerate nutrient cycling rates. These
effects, in turn, can affect on-site and offsite water quality. Riekerk (1985)
found that clearcutting of a pine-cypress flatwoods resulted in a significant
increase in pH, suspended sediment, total nitrogen, potassium, and calci-
um during the first year after harvest. Fisher (1981) described the effects
of clearcut timber harvesting and site preparation on the hydrology and
water quality of a pine flatwoods site in western Florida. Runoff volume was
increased during the first year, but by the second year most water quality
parameters had returned to nearbackground levels. The impacts of
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silvicultural operations for these level, sandy sites were less than in areas
having more relief and shallow soils (Fisher 1981).

Prescribed burning as a forest management tool was developed largely
in the Atlantic and Gulf Coastal Plains (Richter, Ralston, and Harms 1982).
1t reduces fuel loads, controls certain tree pathogens, improves wildlife
habitat, and restores desired ecosystems. Few darta are available, however,
on the effects of this management tool on the hydrology and water quality
of wetlands. One exception was a three-year paired watersbed §mdy at the
Santee Experimental Forest in eastern South Carolina, which is described
in more detail later (Richter, Ralston, and Harms 1982, 1933).

Intensive Management Practices Assessment Center (IMPAC), Florida .

The Intensive Management Practices Assessment (Ee_m;er (IMPAQ) in
Florida represents a spatially small but intense and significant extension of
watershed research in the South. Whereas Coweeta and Fernow provide
watershed research for hilly and mountainous terrain, the IMPAC study
provides information about water quantity and quality response on sandy
flatwood sites.

IMPAC was initiated with support from the University of Florida, the
USDA Forest Service, and the forest products industry. IMPAC was es;ab~
lished in 1976 to study the effects of intensive forest management pyactices
on water resources, soils, and wildlife. Three small watersheds in a managed
industrial forest near Starke, Florida, covering a total of about 700 acres,
were isolated by construction of roads and ditches. Because of the flat
nature of the site, these watersheds were actually created by the road and
ditch system (augmenting natural terrain features). In addition, because
of the low channel gradients, special long-throated ﬂume§ were used to
measure runoff (Figure 3-5). Water samples were automatllcally cgllected
with pumping samplers and were stored in gaging sratior1§ with refrigerated
collectors to help preserve samples in the intense Florida heat. Bedload
traps were installed above the long-throated weirs to capture sandy bedload.

Figure 3-5. IMPAC site near Starke,
Florida, with a long-throated flume
serving as the control structure to
measure discharge. A pumping sampler
collected samples and stored them in the
gaging station house.

The three watersheds were largely covered by slash pine (Pinus elliottir)
on sandy soils (with a restrictive clay layer present in some, placed below
the sandy soils). Some ponds also were interspersed in the forest stands.

59



A Century of Forest and Wildland Watershed Lessons

After a 12-month calibration period, one watershed was machine harvested,
slash burned, windrowed, bedded, and machine planted — a series of
treatments characterized as causing high disturbance. The second water-
shed was manually harvested, slash was chopped, and the site was bedded
and machine planted — a series of practices that resulted in a lower level
of disturbance. The third watershed was left as a control.

Riekerk (1989¢) found that water tables were higher after harvesting as
a result of reduced evapotranspiration. He reported that daily runoff the
first year increased in proportion to the fraction of the watershed clearcut
but recovered over time. Water yield increased to 250 percent of expected
(150 percent increase) from the high-disturbance treatment watershed
and 117 percent from the low-disturbance treatment watershed (Riekerk
1983). A drought during the study may have delayed revegetation of the
sites and slowed hydrologic recovery. Recovery was unexpectedly rapid for
the low-impact site, but this outcome might have been a result of seepage
through the artificial watershed boundaries. Riekerk (1989c¢) also found
that bedding can accelerate or retard drainage from these flat sites. In the
high-disturbance watershed, intense site preparation (reduced infiltra-
tion) and bedding orientation were found to facilitate storm flow.
Although large but shortlived increases in runoff for a small fraction of a
larger watershed are probably undetectable, Riekerk (1989c) cautioned
about the possibility of localized impacts from accelerated runoff.

The water quality for these flatwood sites was distinctively different from
that coming from well-drained, upland watersheds. Particularly noticeable
was the low pH in these intermittent flatwood streams. The pH of runoff
was found to correlate well with soil solutions in the watersheds (Riekerk,
Morris, and Lassiter 1979). The chemical oxygen demand (COD) prior to
treatment at these sites also was noticeably high compared to upland sites,
and concentrations of organic nitrogen were an order of magnitude
greater than concentrations of inorganic forms (Riekerk, Morris, and
Lassiter 1979). Following treatment, water quality was reduced on both dis-
turbed watersheds compared to the control (Riekerk 1983). The largest
impact occurred immediately after the high-disturbance treatment, but
absolute water quality impacts were low. For example, a comparison of
water quality response to forest harvesting and site preparation by Riekerk,
Neary, and Swank (1989) found that these sites had a relatively low
response in sediment concentration and sediment export compared to
other sites in the South. However, nutrients — particularly nitrogen — did
show a response, but it was short lived (Riekerk, Neary, and Swank 1989).

This study has corroborated other experimental and modeling studies
(Sun etal. 2000) in the region. Williams and Lipscomb (1981) found a water
table rise of 15-35 cm after a partial cut of a coastal pine forest on sandy soils.
At an even wetter study site, Rodriguez (1981) concluded that clearcutting a
wet savanna watershed did not significantly alter the hydrology.
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A second large watershed study was initiated in 1983 near Gainesville to
investigate the effects of fertilizer and herbicide applications on water
quality (Riekerk 1989b). Six plots of approximately 6 ha each were estab-
lished by harvesting a mature slash pine forest and preparing the site usix‘lg
chopping, burning, and bedding, followed by planting slash pine. Artificial
watersheds were created by using berms and ditching. Three plots were
used as controls; three received annual applications of fertilizer and her-
bicide for four years. Fertilizer included nitrogen, phosphorus, potassium,
calcium, magnesium, manganese, copper, zinc, boron, sulfur, and molyb-
denum and was applied by ground-based equipment with 3 m untreated
zones around streams and wetlands. These treatments resulted in elevated
NH, in the first and fourth year of application. Elevated levels of potassium
and phosphorus were not observed until the fourth year of the study,
which was a year of unusually high precipitation.

IMPAC remains an important center for the study of flatwoods hydrologic
response and is adapting geographic information system (GIS) technology
to support forest management decisions.

USDA Forest Service Santee Watershed, South Carolina

Located on the lower Atlantic Coastal Plain in eastern South Carolina as
part of the Francis Marion National Forest, the 2,500 ha®™Santee
Experimental Forest was established for experimental and demonstration
purposes in 19%7. Two paired watersheds — a control watershed (206 ha)
and a treatment watershed (151 ha) — were gaged beginning in 1976 to
evaluate the effects of prescribed burning on water quality. The area has
low topographic relief (<4 percent), with surface elevation ranging from
4 m to 10 m above mean sea level. Dominant tree species include loblolly
pine, longleaf pine, cypress, and sweet gum. Soils are primarily strongly
acid, infertile Aquults sandy loams, characterized by seasonal high ground-
water tables and argillic horizons with low base saturation that developed
on marine terraces of the Pleistocene epoch. The climate of the research
area is classified as humid subtropical, with long, hot surnmers and short,
mild winters (Richter, Ralston, and Harms 1983). Mean annual precipita-
tion is about 1,350 mm; July and August are the wettest months (together
accounting for 28 percent of the total), and April and November are the
driest months (together accounting for 10 percent of the total).

The most notable hydrologic research on the study site involved
prescribed burning and its effects on nutrient cycling and water quality.
Using a paired watershed approach, Richter, Ralston, and Harms (1982,
1983) studied the effects of prescribed fire on nutrient loading to streams.
A total of 15 comparunents in the treatment watershed were burned in the
winters and summers of 1976 through 1979. The study concluded that
periodic prescribed fires in southeastern Coastal Plain pine forests are not
likely to have appreciable effects on the quality of groundwater and
streamwater. After a period of no monitoring on these watersheds, moni-
toring was resumed following Hurricane Hugo to measure the effects of a
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severe mnatural disturbance. Hugo caused significant forest blowdown
throughout the Francis Marion National Forest.

Belle Baruch Hydrologic Institute, South Carolina

Hydrologic research at the Belle Baruch Institute has focused on the
hydrology of natural forested watersheds of the lower Coastal Plain.
Coastal forested watersheds are characterized by flat topography, poorly
defined watershed boundaries, and high water tables (Young and
Klaiwitter 1968). The majority of hydrologic research at the Baruch
Institute has been done on Hobcaw Forest in eastern Georgetown County,
South Carolina, bordered by Winyah Bay to the west and south and the
North Inlet Salt Marsh to the east. Elevations range from 9 m on relict
dunes along the western edge of the forest to 80 cm along the edge of the
salt marsh. Approximately one-third of the forest drains westward in chan-
nels showing some signs of fluvial process. Soils are primarily Entisols on
old dunes and Ultisols on gentle slopes (<2 percent). Topography on the
eastern two-thirds shows no fluvial influence. Watersheds are formed
by relict dune lines approximately parallel to the coast at about 650 m
horizontal spacing. Average land slope to the east is 0.2 percent, and total
elevation change within a watershed is less than 2 m.

Forest hydrology in the Coastal Plain has some similarities to the hydrol-
ogy of steeper regions in that infiltration always exceeds rainfall as long as
the forest floor is undisturbed and unsaturated (Bonnel 1993). However,
there is insufficient slope to move water laterally in the unsaturated profile
as interflow. Preferential flow paths lead to the water table rather than
laterally. Over much of the Coastal Plain the water table is less than 1.5 m
befow the surface (Gilliam et al. 1974), and rainfall causes rapid rise of the
water table (Williams 1978b; Gilham 1984). With sufficient rainfall,
the water table can reach the surface on portions of the watershed —
thereby producing direct runoff by saturated overland flow (Dunne and
Black 1970}. Further rain on these sites accumulates on the surface or
becomes runoff.

Seasonal and Annual Water Table Dynamics at Belle Baruch

Water table dynamics were studied for a period of 14 years on a grid of
45 wells throughout the Hobcaw Forest (Williams 1978b; Williams and
Lipscomb 1981). Water table dynamics over long periods tend to reflect
the average moisture balance. Given 14 years of data, the monthly average
water table positions can be predicted with relatively small errors (standard
error from 2.8 cm to 5.9 cm). However, the data points show a very large
distribution of values at any date (standard deviation from 20.8 cm to 43.9
cm). The water table at this site may be anywhere within the top 1 m of soil
in the winter and the top 1.8 m in the summer and late fall. These rela-
tively strange statistics are explained by the time series of weekly observa-
tions (Figure 3-6). Except when the water table is more than 1 m deep, the
water table rises 9.7 cm per cm of rain (Williams 1978a). Daily potential
evapotranspiration (PET) varies from 3.3 mm in March to 4.8 mm in July.
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Assuming no hysteresis in the value of drainable porosity, these valges
would translate to water table drops of 3.2 cm day” and 4.7 cm day” during
March and July, respectively. As Figure 3-6 shows, water table drops of
greater than 20 cm/week were common in each summer. Most‘summer
rainfall here occurs as convective storms in subtropical marine air masses
(Muller and Grymes 1998). Sea breeze-induced instability also produces
widely variable rainfall near the coast (Tainter and Cody 1983).
Convection summer storms may be frequent, as in 1976 and 1982, or pre-
cipitation may occur as large, tropical cyclones in late summer gmd fall, as
with Hurricane David (270 mm, September 1979) and Tmpxca} Storm
Dennis (159 mm, August 1981). If neither event occurs — as in 1978,
1981, and 1986 — the water table drops to nearly 2 m deep.
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With the exception of water table elevations, accurate h}fgirologic meas-
urements are not easily taken on the lower Coastal Plain (Williams 1978a).
Some problems can be overcome with specifically designed structures
(Replogle, Riekerk, and Swindel 1978) and artificially bounded watersheds
(Riekerk and Korhnack 1985). On Hobcaw Forest, seven watersheds were
instrumented to examine flow into North Inletin 1977 (Dame etal. 199.1).
Of these seven, only numbers 5 and 7 were sufficiently bounded (Wlth
19th-century berms and ditches) to warrant long-term data collection.
These watersheds were monitored until Hurricane Hugo, in September
1989, destroyed the flow control structures. In 1992 the flow control struc-
ture on watershed 5 was rebuilt slightly upstream of the original structure,
reducing the watershed from 49 ha to 37 ha (Wahl 1996). Monitoring con-
tinued until 1995.

Results of this work indicate that streamflow is highly dependent
on antecedent water table conditions. Flow can be separated into three
separate regimes (Williams 1979). Without areas of saturated soil in [h_e
watershed, rainfall will infiltrate and there will be no streamflow. For this
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watershed, the water table elevation corresponding to that condition is
1.1 m. In 1986 very low rainfall in late spring caused a drop to this point,
and repeated rains of 30-40 mm produced no streamflow for the rest of
the year. Coastal watersheds are quite level, and one might expect that con-
siderably larger areas will become saturated as the water table rises above
some threshold value. On this watershed that threshold is a water table
elevation of approximately 1.5 m. The difference of 40 cm is similar to the
height of the stream banks, suggesting that areas outside the stream satu-
rate at that time. Above this threshold, small changes in the water table will
produce large differences in streamflow. For example, similar rain events
(24.8 mm and 25.1 mm) produced peaks of 6 mm and 18 mm, respective-
ly. On day 37 the water table was 1.53 m; it was 1.62 m on day 41. Runoff
tripled with only a 9 cm difference in the water table. Similarly, on days
109 and 115 in 1982 it rained 60.9 mm and 68.5 mm, respectively. Peak
runoff was 6.2 mm on day 109 and 53 mm on day 115. Water tables were
1.32 m and 1.58 m, respectively. A difference of only 16 cm resulted in a
nearly ninefold increase in peak flow.

Temporal variability is dominated by the high rates of both evapotran-
spiration (ET) and rainfall during the growing season and immediate
interaction of both with water tables near the surface of the ground. As
long as water table depth is less than approximately 1 m, response of the
water table to the balance of rain and ET occurs in a matter of hours.
There is a predictable annual cycle of surplus rainfall in fall and winter and
deficit in April through June, resulting in a average water table depth ata
minimum in March and a maximum in November. However, the water
table at any time varies with summer thunderstorms and tropical cyclones.
Streamflow is further varied by the interrelationship of antecedent water
table position and rainfall amount. Similar rainfalls, often only days apart,
may produce several-fold differences in the rate of streamflow.

Spatial Differences in Water Table at Belle Baruch

The well data at Belle Baruch reveal that Coastal Plain water table
positions have high spatial correlation. Wells several kilometers apart show
nearly identical water table behavior. Except for sea breeze effects, rainfall
and ET are similar over distances less than 100 km. Spatial variability
in water table position is a result of vegetation differences and lateral
groundwater flows.

Within a watershed, the behavior of the water table in relation to daily
ET loads can be used to determine lateral flow relations. Daily fluctuation
of water table position in high-water table soils is one of the most widely
recognized behaviors. On the coast, transpiration usually occurs for a peri-
od of eight hours, from 10:00 am to 6:00 pm. During that period the water
table will show a drop of 3-8 cm. During the other 16 hours of the day the
water table will either drop slightly, remain static, or rise to nearly the same
level as the previous day. Each of these reactions can be associated with a
landscape position. Near ridges the water table drops during the night, on
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side slopes the water table remains constant, and in convex landscape
positions the water table rises at night. These differences are equally
apparent on very small slopes (<0.1 percent).

The success of relatively simple piezometer designs (Williams and
McCarthy 1991; Mas-Pla et al. 1992) has allowed examination of both
horizontal and vertical distribution of hydrostatic pressure. Tracer experi-
ments also showed that most of the flow was carried in a relatively small
layer within an aquifer (Mas-Pla et al. 1992; Yeh et al. 1995). Lateral flow
generally is carried in a relatively thin layer of substrate with higher
hydraulic conductivity. At any point within the watershed, flow is predom-
inantly vertical (Williams 1996; Williams et al. 1996). Vertical gradients are
toward the conductive layer, where nightly water tables decrease, and from
the conductive layer, where nightly water tables increase.

Hurricane Hugo presented a unique opportunity to examine spatial
distribution groundwater flow paths. The hurricane tidal surge covered
about 400 ha of Hobcaw Forest with roughly 1 m of seawater, followed by
200 mm of rain in the succeeding two weeks. Soil that was unsaturated
prior to the hurricane was filled with seawater (Gardner etal. 1991). At the
watershed ridges the water table was 50-80 cm below the surface, yet it was
near the surface at the stream margins. This disparity produced '1 salinity
pattern in groundwater that was highest (2000 mg Na L") near i I‘Idg@b
and lowest (<100 mg Na L') near the stream channels. This pattern
allowed the use of chloride from the saltwater as an uncontrolled tracer
experiment. By April 1992 this water had moved to the bottom of the 5 m
thick water table aquifer and showed chloride concentrations greater
than 100 mg Cl L'. The salinity varied with rainfall, and ET showed
considerable vertical exchange on a monthly basis (Williams 1998). There
was a long-term flow pattern that moved saline water from the bottom of
the aquifer to the surface along the western edge of the stream. Tree
mortality patterns were much more closely aligned with these salinity
patterns than with those measured immediately after the hurricane
(Williams 1996).

Saturated overland flow is revealed in changes in steam chemistry at
different stages of the hydrograph. Wolaver and Williams (1986) showed
low flows with higher concentrations of calcium, silicon, and alkalinity and
storm hydrographs high in organic carbon, organic nitrogen, and SOy.
High concentrations of nitrate or ammonium also are found in the first
streamflow following prolonged dry periods (Riekerk 1982; Williams and
Askew 1990; Wahl, McKeller, and Williams 1997). The frequency and
concentrations increase when soils are drained for pine plantations
(Williams and Askew 1988) or suburban development (Wahl, McKeller,
and Williams 1997). Wahl (1996) examined stream concentrations during
a storm event simultaneously with piezometric pressure and groundwater
concentrations. These measures confirmed earlier proposed mechanisms.
Base flow between storms was higher in calcium and alkalinity and had low
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concentrations (10 mg C L") of uncolored dissolved organic carbon
(DOCQC). Soon after rainfall began, vertical gradients increased and near-
stream groundwater (hyporheic water) was expelled into the stream. This
water was higher in the inorganic nitrogen form, ammonium, where near-
stream soils had limited aeration or the nitrate form where soils were
initially aerobic. DOC concentrations increased later near the peak of the
hydrograph. When rains resulted in a multipeaked hydrograph, DOC
concentration increased for each succeeding hydrograph peak. Highly
colored DOC concentrations of 35 mg C L* were found during the third
peak of one such hydrograph. This concentration is similar to soil-water
concentrations found near the soil surface within the forest.
Mobile-Tensaw River Delta Study

The Mobile-Tensaw River Delta study is a long-term research project that
was established in 1986 to examine impacts of forest operations on
hydrology, water quality, and forest stand composition in a tupelo-bald
cypress (Nyssa aquatica-Taxodium distichum) swamp (Aust 1989; Mader,
Aust, and Lea 1989; Mader 1990) (Figure 3-7). The site is located in
Baldwin County, Alabama, in the Mobile-Tensaw River Delta — a large
deltaic plain below the confluence of the Alabama and Tombigbee Rivers.
The 70-year-old pretreatment stands were located on very poorly drained
muck swamps and consisted of approximately 85 percent water tupelo
(Nyssa aquatica), 10 percent bald cypress (Taxodiwm distichum), and 5
percent Carolina ash (Fraxinus caroliniana). The site had been previously
harvested by float logging during the late 1700s and mid-1800s and pull-
boat logging during 1920. The hydric soil is Levy series (gray silty clay loam
sufface over a thick gray clay), superactive, acid thermic, and hydraquent,

and the site typically experiences extensive overbank flooding (Aust et al.
1990, 1997).

Figure 3-7. Mobile-Tensaw
River Delta — site of long-term
research on timber harvesting
and water quality impacts.

Three disturbance treatments were installed in 1986. The helicopter
(HELI) treatment consisted of clearcutting with chainsaws followed by
helicopter removal of all merchantable stems. This treatment was installed
to provide minimum levels of trafficking during harvests. The second
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treatment, ground-based skidding (SKID), consisted of the same treat-
ment as HELI followed by simulated skidder traffic with a cable skidder
intended to severely disturb the site. Within the SKID treatment 52
percent of the treatment plots were trafficked (disturbed) to an average
depth of 30 cm. The third treatment, removal of all regrowing vegetation
following HELI with glyphosate herbicide (GLYPH), was intended to allow
examination of the importance of regrowing vegetation to site recovery.
The study was installed as three replications in a 3 by 3 Latin square
(9 replications total). This experimental design also allowed grac@gnm
of distance from the river and along the river to be examined. In gdchtxon,
9 pseudoreplications (REF) of the nonharvested area were 1:_15@11ed
immediately adjacent to the disturbance treatments. Trge replications
of the control were precluded within the Latin square desxgn béca}xse of
helicopter flight safety issues, but the pretreatment evaluations indicated
that these areas were very similar to the pretreatment conditions of the
disturbed areas. Values for these areas were compared to the disturbance
treatments using t-tests.

The sites were intensively monitored during the first two years following
disturbance and again at ages 7 years (Szabo 1998; Zaebst 1997; Zaebst et
al. 1995), 10 years , 12 years (Warren 2001), and 16 years (Gellerstedt and
Aust 2003) after treatment. Mader, Aust, and Lea (1989) found *hat cbe
HELI and SKID treatments were fully stocked with desirable species
during ages 1 and 2 years, but that the SKID treatment favored certain
postdisturbance species, such as black willow (Salix nzgrq). Aust and Lea
(1992) found that the rutting and churning of the skidder tfeatment
reduced soil oxygen, soil reduction-oxidation (redox) potentials, and
hydraulic conductivity, which indicated that the SKID treatment had made
the site wetter relative to the other disturbance treatments (Table 3-4).
Furthermore, all treatment sites were found to have less aeration and
wetter conditions than the reference stands, probably because of the
disturbance associated with tree felling on the very soft soils as well as
reduced ET rates.

Table 3-4. Average Soil Oxygen, Soil Reduction-Oxidation (Redox), _and Satura{ed Hydmulx}c
Conductivity Valies, by ﬂzcimmt, for Upper 50 Cm Soil Depth during 1988 (Year 2 following
Disturbance)

Treatment " ey Conduciviy (e b
REF 5424 400 a 1794
HELI 2.2b 270 b 85b
SKID 14c¢ 185 ¢ 33¢
GLYPH 1.8b 285hb 74b

Tvalues followed by different alphabetical characters are significantly cifferent at alpha = 0.05. Values followed by
same characters are not significantly different.
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Sediment inputs were evaluated two years after treatment (Aust, Lea,
and Gregory 1991). The completely denuded GLYPH plots trapped the
least sediment (0.7 mm), followed by the REF (1.1 mm), SKID (1.2 mm),
and HELI (2.2 mm) treatments. The REF and GLYPH treatments trapped
the least sediment because they contained less herbaceous material than
was developed on the SKID and HELI treatment sites. The SKID treatment
apparently trapped less sediment than the HELI treatment because of the
collapse of skid ruts during this period. During the initial two years, the
investigators concluded that:

* The initial disturbance reduced soil aeration and water movement,
particularly in the SKID treatment, and all disturbance treatments were
wetter than the control area.

* Treatments such as HELI and SKID favored development of a dense

herbaceous layer that resulted in increased sediment deposition during
overbank flood events.

* Both the HELI and SKID treatments resulted in fully stocked stands, but

the SKID treatment had fewer stems and a greater percentage of black
willow.

Table 3-5. Average Annual Sediment Accumulation by Treatment and Measurement Period
(mm yr)

Treatment 1987-1988 1988-1993 1993-1996 1996~1998 19982002
REF 113 76a 152 a 5.1a 5.1a
* HEL 2.2b 152b 254b 76b 7.6 ab
SKID 1.2ab 127b 229b 76b 5.1a
GLYPH 07a 203 ¢ 330¢ 15.2¢ 10.1b

! Values followed by different alphabetical characters are significantly different at alpha = 0.05. Values followed
by same characters are not significantly different.

The treatments were reexamined during the seventh and eighth grow-
ing seasons (Aust et al. 1997; Zaebst 1997; Szabo 1998). Several important
trends were found to have changed. The GLYPH treatment had changed
from the bare soil conditions of years 1 and 2 to a lush, freshwater marsh.
The HELI and SKID treatments had almost reached closed canopy condi-
tions, and both were growing well. The regrowing vegetation in the
GLYPH plots now allowed more sediment to be trapped than occurred
with the other treatments, but the HELI and SKID treatments still trapped
more than did the REF treatment (Table 3-5). During this remeasurement,
the stand compositions of the HELI and SKID treatments were found to
diverge somewhat. The HELI treatment areas had stands composed of a
mixture of water tupelo, Carolina ash, bald cypress, and black willow; the
SKID treatment had a greater tupelo component. Soil redox potentials
and water tables were no different between these two treatments. Also
during this period, the disturbance treatments were found to have a lower
water table than the reference plot, indicating recovery of ET by age 7
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. Similar measurements and trends also were found at ages 10 years,
}{Za;zail,n:x;d 16 years (Aust et al. 1998; Gellerstedt and Aust 2003). Annual
differences in sediment trapping were primarily a result of .the total numbﬁr
of days that the sites were flooded. During the lowest sediment accruncllu a-
tion period (1987 through 1988), the site was flooded for }ess thag T)O ay:;,
The highest values of sediment accumulation occurred dupng 1993 thoug h
1996, when the site averaged more than 150 days of flooding per year.

By age 16 years both the HELI and SKID treatments produced stanc'ls
that were similar in composition to the original, and both treatments Wf:;l e
growing well (Table 3-6). The SKID treatment favore(} thp growth of the
flood-tolerant tupelo (Table 3-6). The original sk1dd1qg disturbance
reduced soil aeration and water movement and acted as a site preparanon
treatment that favored flood-tolerant species. The HI;ZLI treatment favoregl
a wider variety of species, which allowed additional mte\rfpegﬁﬁ competi-
tion. Purthermore, the site has recovered from the traffic dlst.urbancc_t in
several important ways. Annual sediment input has remained :zghi
although it is becoming lower as the HELI and SKI.D canopy shade rec UC}Cb
ground flora. The sediment inputs filled the skidder ruts and brought
nutrientrich sediments in. In addition, the montmf)rxl}om‘nc clays on .[he
site have repeatedly undergone shrinking and swelling c%u_rmg the wetting
and drying cycles. This “self-plowing” has reduced the original compaction
and porosity problems.

Table 3-6. Average Querstory Species Density by Treatment, Age 1 6 Years (count ha’)

Treatment Nyssa aquatica  Taxodium distichum  Fraxinus caroliniana  Salix nigra Other Total

REF! 336 a 89 b 279b 0 0 704 a
HELI 1.341b 222¢ 2,510d 427 a 54a 4,554b
SKID 1,690 ¢ 230 ¢ 1,860 ¢ 551b 188a 4,519b
GLYPH 222 a 40 a 170 a 410 a 148 & 990 a

1Age 86 years.
2yalues followed by different alphabetical characters are significantly different at alpha = 0.05. Values followed
by same characters are not significantly different.

This study illustrates several important concepts regarding site 1mpact
studies:

* The original alterations in site hydrology aqd aeration have had lapg—la:}sb
ing effects on species within the HELI and SKID treatments. Fortuitously,
the severe disturbance of the skidding actually has resulted in the greatest
biomass at age 16 years because the SKID disturbance favc)fec.i a ﬂooci;
tolerant species (water tupelo) — a species that also has a rapid g_r.owth
rate. The HELI treatment also produces acceptable stocking and growt
but lags behind the SKID treatment in terms of tupelo biomass.
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* Although forested wetlands often are believed to be “sensitive” sites,
some are incredibly resilient by virtue of the shrink-swell nature of the
soil, sediment from flooding, and abundant stump sprouts. Sites lacking
these factors may be more prone to harvest disturbances.

* Regeneration of these stands resulted principally from stump sprouts.
Few trees, other than black willow, regenerated from seed in the HELI
and SKID treatments, and the black willow is deteriorating. Recovery
within the GLYPH treatment, which had no stump sprouts, was clearly

delayed. Only stump sprouts compete well with the lush herbaceous
growth.

* Sediment trapping was favored by disturbances that allow herbaceous
vegetation to become established. This sediment trapping is important to
the enhancement of stream water quality and to amelioration of
skidding impacts.

* Evapotranspiration recovered faster than predicted. Apparently, herba-
ceous vegetation plays a greater role than was originally assumed.

* The GLYPH treatment brought the site to a bare soil state. This
treatment has progressed from a freshwater marsh condition to shrub-
scrub and is now slowly accumulating enough tree regeneration so that
it eventually will become a forested wetland. The removal of the stump
Sprout regeneration source has clearly slowed the recovery of this area,

but species similar to those found in the other treatment si
becoming reestablished.

Coastal Plain Water Management Research, North Carolina

An the lower coastal plains of the Southeast, an area known as the
Flatwoods, water tables lie near the ground surface for much of the year.
Although the productivity of these lands is high, establishment of pine
seedlings under saturated soil conditions is difficult. For this reason,
ditching and drainage have been major hydrologic issues for forests in this
area. Much of this vast area of forest lands is being intensively managed
with pine forests for maximum timber production. Intensive forestry
management practices include both silvicultural and water management
treatments installed to maximize timber production. The silvicultural
treatments include bedding of soils, fertilization, thinning, pruning,
prescribed burning, and pesticide application. Water management
involves artificial ditching to improve drainage, sometimes with control
structures to retain water in the dry season. Forest management practices
of the southeastern Coastal Plain can lead to significant changes in the
water regime of forested lands (Riekerk 1989). Impacts of drainage and
water management on the hydrology and water quality of wetland forests
in eastern North Carolina had been reported from the 1960s (Terry and
Hughes 1978; Campbell and Hughes 1980; Skaggs et al. 1980; Hughes
1982; Gregory 1988). This section focuses mostly on the studies from late
1980s that deal with impacts of intensive forestry practices, especially

tes are
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drainage and water management, on the hydrology and water quality o
lantations of fast-growing pines. - ' .
’ Hydrologic effects of ditching vary, depending on soil cha;actgr:sm((,lsq%r;(;
the Ystages of vegetation development. Campbell zm(? I3 lugdei:;l m\.},mcr
eport that free drainage to ditches in pine pku}t;itx(ms resulte L .Wct
: gle drop of 3060 cm compared to undrained pocosins u‘nn%om
:ei:asonsA Slizmding water was minimized, as were water table ﬂut.,tti*;xea ;) agi(:
but soil saturation was maintained. Dramlalgeddli n«){;ocszfzr;[gizp Smd,y ;m
i lands to uplands. A re :
hydrologic cycle or convert wetlands tc Ands, e e veator
ts in Virginia found that ditching significantly 1 '
‘t?btl:l 3’1 0-to S-y%ar-old pine plantations duggl?:g) w::\t seaso;; )v/v;erzx t}}:; v:\gfrx
r i s 1993). At age ars, T,
: as close to soil surface (Andrews A : owever
zt::l(zli‘:::hing effect was dramatically reduced du}"mg the {gromndg.segglsida
study of the ditching effect on water table level in ]‘Pomozxa Zs;%nmné Flonda
itching affected water table levels up to 45> m ¥ he
e oy an i e able was within 80 cm o
i hen the water table
ditch (2 m deep and 3 m wide) w e
al. (1990) report no app
. surface (Segal et al. 1986). Hughes et a ) - no apparent
g;gf;iilie irf ﬂc%w volume and seasonal hydrographvs among a 16-y er:j; ;;
lantation, unditched natural timber, full stocked pine plznmuons, g
glantation/ natural watershed, and a ditched natural stand.

. Py S,
Using a paired watershed approach, Amatya arcl‘d otilfsaﬁ;nsitzgg:é%%%s)
; 1. 1998; Amatya, Gregory, 2 )
and Gregory 1996; Amatya et a 8; ; 8
the hydrology, water q s
studied the effects of controlled dramgge on tl oy Lo dus
-year- d pine plantations. Contr
rm events of 15-year-old unthxnpe ! ; “ont
Z?Zixf;(;e involves the use of a gated weir to hold wa:ierhm thcd ]((i)r‘;ng\z;grs
1 chers found that ou
ditches during the dry season. These researct : atoudlow rom
g h a raised weir during the
the watershed under outlet control wit ing the summe!
i d to 21 percent of gross rainfall, comp
through fall period was reduce _ pfall, compated
i d under free drainage. >
with 81 percent for the watershe  The controfee
i i lumes and peak drainage
drainage reduced both drainage vo e o merne
idual in water balance was 10 percent hig 2
irrelsxitt’ef‘;:;: leet;’ll controlled drainage. Controlled drajnage treatrcl;zrli dui
not affect water tables deeper than 1.3 m (Amatya, (Jreﬁow’da?t(,xjinfoﬁ%t_
2000). This treatment, however, significantly ;a = 0.05{) rje;lxée Water gme
A ost € . . >
for all events and peak outflow rates for m able
ggwfh 2: the start of the event influenced the effec:t of comréllfd cllraixélgagg)e
onpstorm event hydrology. In terms of water quahty_ (Aln?frygg;i]a(NH N)’
TP) and ammonium-n "
annual average total phosphorus ( ot et
ds under treatment were reduced by er-
exports from the watershe e draimage. Taking
hed under conventional free g
cent compared to the watershed un o e e thres
i t the characteristic differences tha existe ’
i/?;;rzlcli%‘;nwere under free drainage, the reductions in annu(all\I éve;;%e
i itrate-nitrite-nitrogen 3, INOy.
t of total suspended solids (TSS), nitra itrite O
I(il}{)p(;;d total Kjelc?ahl nitrogen (TKN) were as high as 47 pf}:lrcen;;]ltgjl)lig
cer;t and 45 percent, respectively. The authors conclude that ¢ olle
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drainage treatment can be used to reduce TSS and nutrient €xports in
surface drainage from pine plantations, primarily through reduced
drainage outflows.

At the same site, Amatya, Skaggs et al. (2003) also evaluated controlled
drainage with a raised weir and an orifice at the bottom to allow some dis-
charge during storm events to quantify the impacts of such treatment on
outflow water characteristics. They reported that the peak drainage rates
from watershed with the orifice were substantially dampened, resulting in
a 17 percent reduction, on average, of annual drainage outflow compared
to a conventionally drained watershed. Measured annual concentrations
of nutrients in the watershed with orifice control were reported to be
somewhat higher than on the conventionally drained watershed. As a
result, despite reduction of flow in all five years (1995-1999), the effects of
orifice-weir on NO, N, TKN, and total nitrogen (TN) were not statistically
significant, except for sediment and TP. Using the paired watershed
approach at the same site, Blanton et al. (1998) studied the effects of
harvesting of 21-year-old pine plantation in one of the watersheds. The
authors report that harvesting operations reduced drainable porosity by
approximately 50 percent, indicating that these changes may have effects
on storm outflow hydrographs.

Lebo and Herrmann (1998) found increased outflow and small increases
in nutrient concentrations following tree harvest in coastal watersheds. For
a three-year period beginning at harvest, annual outflow, N export, and P
export increased 111-164 mm, 2.1-2.2 kg N ha' yr', and 0.12-0.36 kg P
h#' yr', respectively. Outflow and nutrient concentrations returned to
baseline levels within two to three years. On a landscape scale, these
relatively small increases in annual nutrient exports associated with harvest
and site preparation are further reduced from 4 to 7 percent above base-
line levels when placed in the context of a 30- to 35-year growth cycle for
loblolly pine in coastal North Carolina.

As part of a watershed-scale study of cumulative impacts of management
practices on hydrology and water quality of coastal watersheds, Amatya et
al. (2002a) and Amatya et al. (2000, 2001) describe the hydrology and
water quality of a 2,950 ha drained managed pine forest over five years
(1996-2000). This size is typical of large forest tracts found in the coastal
plains of North Carolina. The forested watershed generally yielded no
outflows in the summer, except for periods when large tropical storms
brought the water table to the surface. Annual ET estimated as the
difference of rainfall and runoff was 970 mm on average for five years.
The ranges of measured N concentrations at the field edges were 0.5~15
mg L' for organic soils and 0.3-5.0 mg L' for mineral soils. The annual
total N loading from this watershed varied from approximately 4.8 kg ha’
(1997) to as much as 26.6 kg ha' (1996), with an average of 14 kg ha’.
Organic N dominated the total nitrogen contents.
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Appelboom et al. (2003) evaluated forest road management practices
for reducing sediment production and transport from forested water-
sheds. Their study, using data from the same forested watershed described
above, indicates that access roads within these flat, foresged watersheds
have little impact on the sediment concentration of the Firamagg waters at
the watershed outlet. This result is contrary to the typical fmd_mgs from
upland watersheds. The Appelboom et al. (2003) rgsearch m(_hcates that
most of the sediment originating from the road sprface settles in the slow:
moving waters of the ditch network prior to reaching the outlet. In apothq
companion study, Appelboom et al. (2002) showed that a continuous
berm maintained along the edge of a forest road can reduce total sedi-
ment loss by an average of 99 percent compared to the same type road
without a berm. Similarly, a gravel road reduced the total sediment loss by
an average of 61 percent compared to the n(mg?aveled road, followe'd by
56 percent reduction for a 90 cm wide grassed strip compared to nongrass.

Hydrologic Modeling in the Coastal Plain

Most of the results reported above were based on o to four years of
continuous monitoring. Although continuous monitoring can prowgie
data for quantifying hydrologic and nutrient balances and onamore spaqal
and temporal basis, it is rarely possible on a Iong—terrp basis. To quamzlfy
long-term water and nutrient budgets and the interactions and curtalative
impacts of many processes and parameters affecging h)ﬁdrology and water
quality, researchers have developed hydrologic simulation models. When
such models are successfully developed and tested, they can bg \‘zsed to
identify combinations of practices that will enhance productivity anfl
reduce environmental impact (Skaggs 1980; Hammer and Kadlec 1986;
Thomas and Beasley 1986; Guertin, Barter, and Brooks 1987; Heatwole,
Bottsher, and Campbell 1987; Heatwole, Campbgll, and Bottsher 1987;
Parsons, Skaggs, and Doty 1987; Konyha, Robbins, and Skaggs 1988;
Konyha, Skaggs, and Gilliam 1988; Beasley and Thqmas 1989; Chgscﬁh@r,
Skaggs, and Gilliam 1990; McCarthy 1990). Another important application
of hydrologic models for regulatory and legal purposes is the
prediction of water table depths and the effects of water management
practices on those depths. Models can be used to 'evaluar_e whether
drainage or other water management and cultural practices cause l’ands to
satisfy or not satisfy legal criteria for wetlands. The ability to simulate
the performance of a system over long periods (e.g., 2()«'40 years) ;dIHOX'VS
examination of water management practices under the wide variability in
climatic conditions that occurs in the South.

A model (DRAINMOD) for predicting the effects of drainage practices
on outflow from field-scale areas was developed by Skaggs (19.78, 1980) for
poorly drained agricultural lands. Using approximation analytical methods,
DRAINMOD predicts daily infiltration, drainage rate, surface runoff, ET,
and soil water storage, based on an hourly water ba]gnce calculated for a
soil profile at the midpoint between two parallel ditches. DRAINMOD
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simulates water table response and soil moisture between ditches for
different combinations of surface and subsurface water management
practices. Reliability of model predictions has been verified in extensive
field experiments (Skaggs and Chescheir 1999). In a study of hydrology of
pocosins, Broadhead and Skaggs (1989) compared predicted water table
depth, monthly drainage volumes, and runoff hydrographs with experi-
mental data collected for a 25-month period on both natural and drained
pocosin sites south of Lake Phelps in Washington County, North Carolina.
Predicted water table depths were within 0.1 m and drainage volumes were
within 14 percent of observed values. Konyha, Robbins, and Skaggs (1988)
used DRAINMOD to evaluate the hydrologic effects of peat mining on an
eastern North Carolina pocosin. A computer simulation study of pocosin
hydrology using a 33-year period of weather data in DRAINMOD was
conducted by Skaggs, Gilliam, and Evans (1991). The pocosins are lands
situated on broad, flat basins with poorly drained organic surface soils and
shallow water tables. In the model, forest vegetation is simulated by
changing the effective rooting depth, which varied from 0.15 m to 0.25 m
for natural pocosins to 0.40 m for bedded pine forest. The study showed
that average annual runoff predicted for a natural pocosin on a
Portsmouth soil increased from 277 mm to 384 mm as the depressional
storage was decreased from 300 mm to 5 mm. Conversion from natural
pocosin vegetation to a managed pine forest with a deeper rooting zone
decreased predicted annual outflow by about 9 percent. DRAINMOD sim-
ulation shows that drainage ditch spacing greater than 400 m has no meas-
urable effect on average annual runoff, but year-to-year variation in annual
rinoff was much greater than the effects of all other factors considered.

DRAINMOD was modified for application to wetlands classification by
adding a counter that accumulates the number of times the water table
rises above a specified depth and remains there for a given duration.
Skaggs et al. (1991) used DRAINMOD with long-term weather data to
simulate hydrology of two wetland soils. The authors report that the wet-
land status of the soils is affected primarily by depth of surface storage and
drainage intensity. They also found that the reliability of model predictions
could be maximized by calibrating input parameters on the basis of short-
term water table monitoring.

McCarthy (1990) modified the subsurface drainage, rainfall interception,
and evapotranspiration components of DRAINMOD (Skaggs 1978) and
developed a new model, DRAINLOB, to describe hydrologic processes in
a drained loblolly pine plantation. McCarthy (1990) and McCarthy and
Skaggs (1991) had pointed out possible errors in predictions of drainage
outflow rates using DRAINMOD under water table drawdown and fluctuat-
ing high-water tables for a hypothetical watershed. Therefore, DRAINLOB
uses a nonlinear Boussinesq equation to predict effects of lag time, bank
storage, and water table shape on drainage flux that are characteristic of
forestry drainage ditches.
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Because evaporative loss of intercepted rainfall also may gigmﬁcamly
alter the water balance of a forested watershed, an interception compo-
nent was added to DRAINLOB. The volume of forest canopy interception
loss was calculated by the method of Rutter etal. (1972) cited in McCarthy,
Flewelling, and Skaggs (1992) and Amatya, Skaggs,~ and Gregory (1996).
Evaporative losses from rainfall interception are first allowed to occur,
based on the potential wet canopy evaporation rate calculated by the
Penman-Monteith method with zero canopy resistance. When the canopy
storage becomes dry, dry canopy transpiration can _occur. Evapq'
transpiration is defined as the sum of dry canopy transpiration and soil
evaporation. The hourly potential transpiration is calculacefi by the
Penman-Monteith method, using a stomatal conductance function in the
model along with measured leaf area index (LAI) and weather variables
(McCarthy, Flewelling, and Skaggs 1992; Amatya, Skaggs, and Gregory
1996). Soil evaporation was calculated as a decreasing exponent of LAJ
times PET (Thornthwaite method), as suggested by Nutter and McKenna
(1983), cited in McCarthy, Flewelling, and Skaggs (1992).

DRAINLOB was tested for predicting daily outflows and water table
depths from three experimental watersheds under both conventional free
drainage (McCarthy, Flewelling, and Skaggs 1992) and coxgtiolled
drainage (Amatya, Skaggs, and Gregory 1994). The authors found that a
15-year-old unthinned loblolly pine stand would intercept as much as 1.9
mm of rainfall in a single storm. Cumulative interception may represent
10-80 percent of the annual rainfall, depending on rainfall {i]stnbutxon
and canopy density. Test results using a two- to fouryear period of d.ata
showed that the model can be used with reasonable accuracy for emluagng
conventional and controlled drainage treatments on poorly drained soils.

The new algorithms from DRAINLOB (McCarthy 1990) for pine forests
were later added to FLD&STRM (Konyha and Skaggs 1992) — a water-
shed-scale model with a ditch and stream routing component for drained
agricultural lands — to develop a watershed-scale forest hydrologic model,
DRAINWAT (Amatya 1993). The performance of DRAINWAT was tested
with a limited 11-month dataset from a 3,200 ha managed pine forestjon
poorly drained soils in eastern North Caroling (Amatya et al. 1998). 1 }}e
average absolute difference between predicted and measured daily
drainage rates was 0.45 mm day". Total cumulative ouliﬂow was underpre-
dicted by only b percent. The effects of variability of ramfal} and pc)tenual
ET on predicted drainage outflows also were evaluated. Simulations also
showed that the effects of clearcutting less than 10 percent of t;he area on
a Cape Fear sandy loam (mineral) soil resulted in a 5 percent increase in
annual drainage outflow but only a 2.5 percent increase when the same
area was clearcut in Belhaven muck (organic) soil.

Amatya et al. (2002b) performed multiyear and multisite testing of Fhis
DRAINMOD-based watershed-scale model (DRAINWAT). One Qf the' sites
was a 2,950 ha watershed on a previously studied managed pine forest
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(Amatya et al. 1998). The predictions of daily drainage rates and total out-
flow were in very good agreement (R* = 0.85; E = 0.79) using measured
data for a five-year period (1996 through 2000), except for peak flow rates
from large tropical storm events, during which measurements may have
been in error because of gage overtopping. The watershed-scale model was
used in conjunction with a simple in-stream transport and transformation
model of first-order kinetics to estimate annual nitrogen loads from this
watershed for the same period (Amatya, Chescheir, Fernandez et al. 2003).
The method assumes that the decrease in N loads as drainage water moves
from the field edge to the watershed outlet is exponentially dependent on
transit time and can be described with a single attenuation coefficient,
This coefficient, defined as a nutrient delivery ratio, is a function of travel
time and the nutrient decay rate — which depends on the season, location
in the watershed, and type of nutrients. Travel time is essentially depend-
ent on the velocity of flow, which in turn depends on location and season.
The velocity in the ditch-canal network predicted by the model was used to
estimate travel time for N movement from the field edge to the watershed
outlet via a ditch-canal network. A nitrogen decay rate coefficient based on
literature data was used in the first-order kinetics equation. Nitrogen con-
centrations based on measured and/or extrapolated data were used with
predicted daily outflows to compute daily N loadings at each field edge.
The results of the annual N loads were predicted within 22 percent of the
measured data. The results were compared with a spreadsheet version of
the model built upon @RISK (Palisade Corporation 1997) that was further
used to conduct uncertainty analysis of model input parameters, such as
decay rate, average velocity, and concentrations on estimated nitrogen
loads (Amatya, Chescheir, Skaggs et al. 2003).

Synthesis of Silvicultural Water Quality Findings for the Southeast

The dominant water quality issues in southeastern forest management
are sediment, roads (as sources of sediment), nutrients, fires (as sources of
sediment and nutrients), pesticides, and water temperature. Over the past
50 years, numerous studies have been conducted to evaluate how different
types of forest management influence water quality in the South. The
following subsections summarize major findings of research into these
silvicultural water quality issues.

Sediment

The impacts of forest harvesting on sediment yield are directly related to
harvesting methods and road building. When forest harvesting is conducted
in a manner designed to preserve water quality, it does not cause signifi-
cant stream sedimentation (Hewlett 1979). Conversely, abusive logging
practices and conversion of mountain forests to agriculture results in sig-
nificant erosion and stream sedimentation. Long-term effects of forest
road construction and harvesting on watershed sediment loading were
studied at Coweeta (Swank, Vose, and Elliott 2001). Prior to forest access
road construction (~3 km) and cutting, sediment yield averaged 0.23 metric
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tons ha' yr', whereas that from its control watershed was 0.1 t ha' yr": Most
of the logging was completed with a cable yarding system,; tractor sklddmg
was restricted to a 9 ha area where slopes were under 20 percent. This
treatment resulted in significant increases in water yield and soil }oss..Thf:
first year following treatment, annual soil loss increased above predlcFe(J
levels. Accelerated rates of soil loss continued for three years. At that point,
the cumulative soil loss was approximately 3.3 times greater than expe-acteqd
(without treatment). The average sediment yield was abot}t 0.34 t ha' yr',
or 50 percent above the pretreatment level at the end of this 15-year exper-
iment (Figure 3-8). The majority of the measured sgdlmen( was §0urced
from road erosion. (All tonnage references in this section are metric tons.)

8o logging activities (a)

vy

(223
(=]

[z tw major storm events

<= road construction

Figure 3-8. Impacts of forest
access roads on streamflow
sedimentation (from Swank,
201 Vose, and Elliou 2001).
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Harvesting trees in the South without soil disturbances generally dges
not increase sediment levels in runoff, but mechanical site preparation
with shearing and windrowing of debris does generate significant sediment
pollution (Hewlett 1979; Ursic 1986). However, there are unusual circum-
stances where this is not the case. Ursic (1991a) compared the hydrologic
responses to clearcutting with skidders and logging with a ceal.)]e. yaz.*d ata
hilly upland site in the southern Coastal Plain in noxfth Mlsmssxppxl This
study found that skidder harvesting increased sedlment.only sl}ghtly
(0.12 t ha* yr'), whereas cable harvesting increased sediment sixfold
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(8.3 t ha' yr') for the first five years on average. Subsurface flow played a
critical role in elevated channel erosion and deposition in this forested
landscape (Ursic 1991a). Another study assessing 16 small, mature loblolly
pine plantation watersheds on the upper Coastal Plain in Tennessee indi-
cated the importance of channel erosion in affecting sediment loading
(Ursic 1991b). This study suggested that harvesting trees growing on
previously degraded lands had limited effects (<0.093 t ha' yr' increase) on
sediment loading, usually within four years of treatment.

Mechanical disturbance of the forest floor during harvesting and site
preparation is a major concern for future soil productivity and potential
soil erosion increases (e.g., Beasley 1979; Hewlett 1979; Beasley and
Granillo 1988). Common knowledge suggests that soil structure and site
hydrology can be affected by increased disturbance intensity. A study at a
Piedmont site in Alabama found, however, that bedding as a site prepara-
tion practice for tree planting after clearcutting actually reduced surface
runoff compared to a nonbedding site (Grace and Carter 2001), as a result
of higher surface roughness and storage created by the former option.
Although this was a small-scale study, it demonstrated the uncertainty of
hydrologic responses to current silvicultural practices.

Scoles et al. (1994) described 15 years of hydrologic and water quality
research from gaged watersheds in the Ouachita Mountains of Arkansas
and Oklahoma. They note that soil loss increased 3- to 20-fold following
selection and clearcut harvesting. The amount was still low, however —
about one-thirtieth that from cropland — and recovery to baseline condi-
tions occurred in the first five years of the 35-year rotation. Most erosion
occurred during a few large storms each year, and 90 percent of annual
stream sediment came from roads. Projected sediment delivery to streams
as a result of harvesting, site preparation, and erosion from roads in the
Ouachita Mountains was about 0.16 t ha' yr*. Lawson (1985) reports that
undisturbed pine forests in the Ouachita Mountains, Ozark Plateaus, and
Boston Mountains averaged less than 0.02 t ha' yr* of sediment losses.
Maximum amounts of sediment losses of 0.13 t ha' yr? were observed
during the first year following clearcut timber harvesting. Recovery to
preharvest levels of sediment production had occurred within three years.

A summary of studies on 291 forested basins in eastern United States
(Patric, Evans, and Helvey 1984) reports sediment losses ranging from
0.004 tha” yr" to 0.8 tha yr", with an average loss of 0.056 t ha’ yr'. In an
earlier study, Patric (1976) found that sediment losses from undisturbed as
well as carefully managed forest land usually range from 0.02 t ha’ yr? to
0.04 t ha’ yr". At the opposite end of the scale, completely forested water-
sheds in Virginia’s mountains lost almost 1.5 in. of soil (more than 80 t ha’
yr') when about 28 in. of rain fell during a single night (Williams and Guy
1973). Given the wide range of human-caused and natural variation,
almost any amount of sediment is possible. Accurate separation of natu-
rally produced sediment from human-caused sediment is difficult.
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Nevertheless, applicable research leaves little doubt that, given prudent
management, routine forest activities cause only minor and transitory
increases in sediment production.

Sediment issues in southeastern Piedmont forest lands are complicated
by legacy sediments deposited in stream and river valleys by historical row-
crop agricultural practices. The history of agricultural practices in this area
of the piedmont is well documented (Trimble 1974; Richter and
Markewitz 2001). Poor farming practices during the cotton-farming era —
approximately 1810 to 1930 — depleted the topsoils and caused deep and
large-scale erosion. The early settlers reportedly would lay their rows for
crops parallel to the slopes of the hills to obtain better drainage for their
crops (Whitney 1919). Many of the gullies in this area formed as a result
of these early drainage rows, and at the time of the first soil survey reports
many had developed into ravines. The following excerpt, from a speech by
H. H. Bennett (1933), Chief of the Soil Conservation Service, on January
31, 1933, describes some of the landscape around the Georgia and South
Carolina Piedmont during a soil survey conducted in 1911:

46 thousand acres of stream-bottom, once the most productive soil of the entire
state, were classed as Meadow, or land covered with sand and mud washed oul
of the cultivated hills, and thus made subject to increased overflows due to the
choking of channel ways with the debris of erosion. .. I found on this second trip
that the gullies had not stopped with their chiseling away of the fine agricultural
lands. They had grown longer, deeper, and wider; they had branched out, form-
ing new canyons. A roadway which I had traveled previously had been moved;
it must be moved again. But it can be moved but once more, since yawning
ravines are approaching from the opposite direction.

Once a gully was created by poor management practices and extended
into the saprolite, large amounts of material moved from the hillslopes
and into the stream valley. Glenn (1911) reported that many of these gullies
were forming in the Piedmont region and that erosional processes and
downcutting through the soil mantle was largely left unchecked.

Trimble (1974) estimated that 10-30 cm of native topsoil were lost during
the late 1800s and early 1900s as a result of poor agricultural practices.
Trimble (1975) calculated that within the Savannah River watershed, only
4 percent of the soil eroded from the Piedmont uplands since the 1700s
has been carried past Augusta, Georgia. This erosion resulted in the
transport of much sediment into Georgia’s Piedmont streams. Much of
this sediment is still mobile in Piedmont streams, and it complicates efforts
to quantify current sediment inputs from silvicultural and other activities.

Roads

Forest access roads can be considered long, linear ribbons of compacted
earth that can create and route overland flow and sediment to stream sys-
tems. Sediment budgets in commercial forest lands often are dominated
by road contributions. Traditional methods of forest road construction
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and maintenance have resulted in large increases of forest soil erosion and
stream sedimentation. Numerous road construction practices that mini-
mize erosion and sedimentation have been identified. Examples of these
practices are coarser paving gravels, grassing of road beds, construction of
broad-based dips, brush sediment barriers along road margins, and road
buffer strips (Douglass and Swift 1977). A great deal of research has been
conducted in the Southeast to investigate how to reduce sedimentation
from forest access roads. Many of these studies were conducted at Coweeta
and Fernow (Table 3-7). Swift (1988) provides a comprehensive summary
of Coweeta’s road experiments and the results.

Table 3-7. Summary of Road-Related Sediment Studies Conducted at Coweeta and Fernow

Research Subject

Coweeta Results

Fernow Results

Soil loss from ineptly located
and managed logging roads

Soil loss from well-located
forest roads

Flood frequencies and culvert
sizes needed to convey flow
beneath roads

Distances soil eroded from
roads, then was carried across
the forest floor

Principles of road design to
mhimize soil erosion

Layman's guide to forest
road building

Soil loss from adequately located
and managed logging roads

Unused roads stabilize soon
after logging discontinued

6,850 yc? of soil eroded from
2.3 mi. of road (Hoover 1952)

2-115tac yr* (Swift 1984a)

Results applicable to most of
southern Appalachian Region
(Douglass 1974)

Average distance ranged from
32-112 ft, with BMPs {Swift
1986)

Wide-ranging treatment in
rather technical terms (Swift
1984b)

Somewhat technical
(Swift 1985)

General discussion of erosion
control and soil losses (Swift
1985)

Easily reopened by clearing
revegetation (Douglass and
Swank 1976)

Road surfaces lowered 0.9-1.2 in.
during 1 year (Trimble and
Weitzman 1953)

2-80 t ac” yr' (Kochenderfer and
Helvey 1987)

Higher peak flows in central
Appalachian region require
larger culverts (Helvey 1981)

Distance less than 200 ft at 33
sites, farther at 7 sites, no BMPs
(Patric and Kidd 1982)

Basic principles in nontechnical
terms (Kochenderfer 1970)

Slide/tape program (Kochenderfer,
Wendel, and Kidd Undated

Soil losses from minimum standard
logging road (Kochenderfer,
Wendel, and Smith 1984)

Reforestation reduces road prism
width (Kochenderfer, Edwards,
and Wood 1997)

Road experiments at Coweeta began in 1934 with the establishment of
Coweeta Hydrologic Laboratory. The first studies were conducted by C.R.
Hursh in a successful attempt to reduce erosion and required mainte-
nance. Hursh demonstrated that significant reductions in soil loss from
forest roads could be made by mulching or vegetating the adjacent cut and
fill slopes (Hursh 1935, 1939, 1942; Swift 1988). Hursh conducted numer-
ous studies that identified the best construction methods for forest roads
and employed bioengineering to stabilize slopes (Swift 1988). Although
facilitating the construction of roads was a major motivation for this
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research, streams benefited from significant reductions in sedimentation
following road construction. Hursh’s work laid the foundation for subse-
quent research that specifically addressed the impacts of roads on stream
water quality.

Forest road impacts on stream sedimentation were investigated in the
exploitive logging research on watershed 10 (see section on Coweeta
experiment station), in which loggers were allowed to construct roads and
timber access in a manner typical of that time. This activity included con-
struction of skid trails directly upslope, adjacent to, and within streams
(Swift 1985). These practices resulted in the loss of 408 m? of soil per kim
of road constructed (Lieberman and Hoover 1948a). Sediment delivery to
streams was high and turbidity peaked at 5,700 ppm (Lieberman and
Hoover 1948b), significantly reducing downstream aquatic fauna (Tebo
1955). Road erosion became such a problem that the roads had to be
closed and stabilized. It was concluded that the sedimentation observed in
the stream resulted almost exclusively from road erosion rather than from
other forest harvesting activities (Swift 1988).

A subsequent series of experiments was conducted to determine how
sound watershed management practices would affect timber harvesting
operations. Two watersheds (numbers 40 and 41) were selected for this
study. Although both watersheds were slated for harvesting, watershttl 40
was to be managed for water production and watershed 41 was to be man-
aged to maximize timber production (Swift 1988). Road construction
practices on watershed 40 were tightly controlled. This control included
restrictions on road placement, road width, vehicle operations, skidding
and yarding, and stream crossings, as well as the use of outward sloping
roads and employment of vegetative runoff and erosion control measures.
The techniques employed on watershed 40 were successful in protecting
water quality. Construction techniques, maintenance requirements, and
relatively high initial cost requirements were deemed impractical by timber
managers and loggers (Swift 1988). This led to the Stamp Creek demon-
stration project in 1956. Over a four-year period, local foresters and loggers
conducted harvesting operations while receiving consultation on road
design from Coweeta Hydrologic Laboratory. The road maintenance and
construction techniques employed in this study proved to be economically
more feasible than those in the watershed 40 experiment. No significant
impacts to water quality, as determined through turbidity monitoring,
occurred as a result of the forest harvesting or road network (Swift 1988).

In a further effort to improve existing forest road erosion and runoff
control measures, scientists at Coweeta began a multiple resource man-
agement experiment in 1962. This experiment resulted in development of
the broad-based dip for forest road construction. Previously engineers had
relied on water bars and ditches to collect and drain runoff from road
surfaces. In this study, roads were sloped outward and inside ditches were
eliminated. This arrangement allowed runoff to flow as sheet flow rather
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than concentrating and forming channels. On steeper road segments,
water bars were replaced with broad-based dips in the road surface that
directed runoff off the road surface and onto the forest floor (Cook and
Hewlett 1979). This technique prevented concentration of surface runoff
and allowed for infiltration of runoff water on the forest floor rather than
allowing it to channelize and flow to the nearest stream. The broad-based
dips were constructed by creating a 6 m wide, 3 percent upslope grade on
the roads. The dips were also sloped outward at 3 percent to direct flow off
of the road surface. The elimination of ditches, outsloping of roads, and
use of broad-based ditches greatly reduced runoff and erosion from the
roads in this study. Consequently, these methods were adapted as stan-
dards for forest road construction by the national forests in Region 8 of the
USDA Forest Service (Swift 1988).

Despite advances made in reducing the erosion and transport of sedi-
ment away from forest roads, scientists at Coweeta felt that forest roads
were still generating too much sediment and runoff, Consequently, efforts
were undertaken to improve the durability of active forest roads and
reduce the erodibility of roads that received light traffic. In 1976 Swift
began a series of experiments to determine how various road surface treat-
ments affected erosion rates. The treatments were installed on forest roads
composed of two soil types and included bare soil, grassed roadway, and a
variety of aggregate road beds. Runoff and sediment from the treatment
roads were monitored over a threeyear period. Soil losses from all treat-
ments were greatest immediately following construction. Subsequent pulses
of soil loss were triggered by intense rainfall events. Road surface type was
significant in reducing loss rates. Soil losses from bare roadbeds were eight
times those from graveled roadways. The erosion rates declined in the
ensuing six months, but losses from the bare soil were still six times greater
than those observed from the gravel treatments. The largest losses came
from roads that experienced logging traffic. Roads protected by thinner
layers of rock experienced losses similar to those observed with bare soil
when logging trucks were present. Large crushed stone (20 cm) afforded
the most protection against erosion; however, it was deemed too coarse for
many vehicles. Medium crushed rock (15 cm) provided roadbed protec-
tion similar to that observed with the 20 cm stone but at a significantly
reduced cost. Erosion rates from fine crushed rock (5 cm) roadbeds were
similar to those from bare soil. On lightly traveled roads, seeding of
roadbeds and cut and fill slopes reduced erosion rates by 50 percent from
that observed under bare soil conditions (Swift 1984a).

The specific sources of sediment from road erosion also are important
because they influence where erosion control efforts should be concen-
trated. Swift (1984b) monitored erosion rates from roadbeds, cut slopes,
and fill slopes along the series of road treatments described in the pre-
ceding paragraph and in Swift (1984a). Although soil losses from all sur-
faces were high during heavy rains, erosion rates on bare cut and fill slopes
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accounted for 70-80 percent of total soil los§es from the sites. 1111 a tht, «ch
integrated sediment control options, gmvelmg of thfs_roadbec reigccd
soil losses to less than 20 percent of the bare soil condmoAn; the com ,>m§: :
treatments of vegetating the cut and fill slopes along with graveling tgc)
roadbeds reduced total erosion rates to 'xless than‘ 10 percent ofgt : f
pretreatment condition (Swift 1984b). Despite tbese 1mprovemegt5, Swi 2
reported that the net loss of soil from the entire roadway was 20 tumes
greater than that estimated for undisturbed forest.

The combination of road construction practices and treatments ()uﬂgx;led
above significantly reduces the erosion and transport of ‘soxl away xomf
forest roads (Swift and Burns 1999). Through proper design, filtering o
runoff from forest roads can be induced by directing flow onto the natu-
ral litter layer of the forest floor (Swift 1985). In extreme}y steep te;urzuné
this filtering may not be sufficient to arrest :sedlrnent-laden flows. (()ire.s
roads still generate significant amounts of sedm}erft that frfzquendy en up
in streams and impairs water quality. The proximity of a road to a stxear(;l
or drainage way is one of the leading factors in determining whether erto f
ed sediments will impair streams. Thus, proper Qeagn and placemen o[
roads adjacent to streams, as well as stream Crossings, are very 1mpo‘rf,.an .
Consequently, guidelines for proper design and sizing of stream crcixfg;is
have been developed for the southern Appalachians (Douglass™1974;
Swift 1985). .

Employment of filter strips along roads also mitigates the propagation f;f
road sediment through a drainage network and into streams. Althou}g) 1
filter strips normally include natural vegetation, t'helr pverformarvxc«:;) may be
augmented by using trees and woody slash material to form brush bar riers.
Such materials are readily available from trees cut during road constr}xcugn
and residual forest harvesting materials. Studying forest road§ in the
mountains of southwestern North Carolina, Swift: (198@) quantified (he:
benefits of filter strips in arresting the propagation .of sedlment-laden ﬂowi
off road surfaces. Whereas the average transport distance for aHWSTtes -( n =
88) was 22 m, the average distance from bare fill sites was 34 m. F,rass c%ver
reduced this distance by approximately 40 percent. Thg use of brush bar-
riers below road fills reduced the mean and maximum distances py ‘half. I'n
addition, Swift found that natural forest litter was instrumental in mhlhblg
ing transport. Sites that had forest litter removed by fire tr\;:?tmen{ti‘s Oi.g
transport distances 50 percent greater than those with natural foresttlo ff
Sites that had fill slopes protected by grass cover and dwertf&d runo
through forest litter and brush barriers prowded‘the most reszs@n? tg
flow (Swift 1986). Based on transport distances, Swift established stan ‘a_r
widths for forest road buffers as a function of slope and brush barrier

construction. ‘ .
Researchers at Coweeta are continuing their investigations into the

dynamics of forest road erosion, sediment transport, and ;tream sedxmt‘:na

tation. Clinton and Vose (2002) investigated the effectiveness of road
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paving in reducing the delivery and transport of sediment from forested
mountain roads in the southern Appalachians on four road surface types:
two-year-old pavement, improved gravel, improved gravel with sediment
control, and unimproved gravel. The paved road system generated the
least sediment; the unimproved road generated the most. The distances of
sediment transport away from the roadbed were (in order of decreasing
distance) paved, improved gravel, improved gravel with sediment control,
and unimproved. Riedel and Vose (2002a) subsequently reported that not
only do roads increase stream sedimentation, roads and road usage levels
change the nature of stream sediments. The stream sediments in their
southern Appalachian study watersheds shifted from a predominantly
organic composition (80 percent organic during baseline conditions) in
forested benchmark streams to a predominantly mineral composition (20
percent organic during baseline conditions) in watersheds impacted by
forest roads and residential development.

[n an effort to quantify and predict the effects of road sedimentation and
forest road BMPs, Riedel and Vose (2002b) conducted a validation study
of GIS-based cumulative effects sedimentation models. They found that
the resolution of input data is as important as model mechanics; increasing
input data resolution from 90 m to 30 m to 10 m increased model predic-
tive strength (predicted versus observed correlation coefficients) fourfold.
These results were used to identify optimal locations of implementation
of forest road BMPs. Following an initial pulse of sediment from site
disturbance, the BMPs reduced sediment yvield by 50 percent (Riedel and
Vc:se 2003).

Timber Harvest Effects on Stormflows

Results of southeastern studies on storm flow effects of timber harvest
have been consistent with studies elsewhere in North America. As a result
of reduced summer evapotranspiration in clearcuts and young plantations,
canopy removal increases flow volumes and peaks for storms occurring
during the growing season and for early fall storms (Patric and Reinhart
1971; Hewlett and Doss 1984). In forests, early fall storms produce little or
no runoff because soils dried out by a summer of evapotranspiration
absorb and store most precipitation. In comparison, soils on clearcut sites
are wetter and thus become more responsive earlier in the fall. Fall flow
events usually are small, however, compared with winter events and events
driven by intense summer thunderstorms. During winter, when most large
runoff events occur, there is little difference between soil moisture levels in
clearcuts and forests, and studies have revealed little difference in flow
peaks for large and infrequent flow events (Hewlett and Helvey 1970;
Hewlett and Doss 1984; Helvey and Kochenderfer 1988; Kochenderfer,
Edwards, and Wood 1997).

The effects of timber harvest and site preparation on storm flows vary
with the amount of bare soil exposed, the amount and locations of road
surfaces, the connectivity of road runoff to streams, time since harvest,
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season, size of watershed, and size of storm. Therefore, peak' flow effects
from timber harvest show significant variation between studies and vary
between undetectable (Kochenderfer, Edwards, and Wood 1997) anc} as
much as a 35 percent increase in peaks on a highly impagted 80-:-15{@ pied-
mont watershed (Hewlett and Doss 1984). Working at Pemgw,
Kochenderfer, Edwards, and Wood (1997) studied the effects of selective
harvest to 35.6 cm stump diameter with skidroads on contour and }O per-
cent road coverage on a 39 ha watershed. Th‘ey found noﬂstamstylcal 0_11
apparent difference in annual peakflows folllomng harvest. They did ﬁng
some increase in growing season peaks and in stormflow volumes (magni-
tude not reported). Similarly, Helvey and Kochendorfer (1988) found that
“a commercial clearcut that removed 74 percent of basal area from a 74
acre watershed and a harvest that removed 91 percent basal area from an
85-acre watershed had no effect on annual peak flows.”

Nutrients o

Nutrient concentrations in forested basins may be affected by femhzatlon,‘
nutrient release after clearcutting, insect outbreaks, and fire. Change of
streamwater chemistry is one important signature of ecosystem response to
watershed disturbance. The impacts of forest harvesting on water chem-
istry and nutrient export were reported in several papers developed at
Coweeta (Johnson and Swank 1973; Douglass and Swank 1975; 'Swar:k and
Swank 1981; Swank and Vose 1994; Swank, Vose, and Elliott 2001).
Research into forest harvesting impacts on water chemistry has shown tbat
relatively minor increases in nutrient export occur immediately qtter
harvestiﬁg_]dhnson and Swank (1973) analyzed long-term water Chgmmtry
responses (Ca, Mg, K, and Na). They found that over the duration .of
experimental record, clearcutting treatments have not.caused §ubstaqnal
losses of Ca, Mg, K, and Na. Increases following harvestmg.declme r:apldly
with time as streamwater chemistry returns to near-baseline condl'monsl
Continued increases in NO,N have been observed following harve.stxqg of
deciduous trees and may result from a combination of species compositiorn
shifts, mineralization in response to forest floor decomposition, and
altered soil nutrient cycling. Conversely, reductions in nut_rlent export
occur following conversion of grasses to forest and mixed deciduous forest
to eastern white pine. As with anthropogenically driven C.hanges in .fore?t
composition, reductions in forest standing crop resulm?g from msen‘t
outbreaks at Coweeta increased nutrient export. The duration and magni-
tude of these impacts are directly related to the life cycles and population
density of infesting insect species.

Converting hardwoods to white pines at Coweeta not only reduced water
yield, it also altered streamwater quality (Swank and Vose 1994). During
the 20 years following initial treatment, streamwater solutes' generally were
similar between the pine-covered watersheds and thf? mixed hardwvvpod
control watersheds, except for NO;N and SO2. Flow-weighted mean NL,)WN
concentrations increased slightly (0.1 mg L"); SO, concentrations
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increased nearly threefold. Like Johnson and Swank (1973), Swank and
Vose (1994) report reductions in average losses of calcium, magnesium,
potassium, and sodium of 2.3, 1.7, 4.4, and 1.2 kg ha’ yr', respectively.

Swank, Vose, and Elliott (2001) contrasted the long-term water chemistry
records of a grazing and clearcut watershed with its associated control
watershed. Increases in nutrient export occurred following harvesting; the
largest — though still relatively small — losses occurred during the third
year following treatment. Export increases frequently were lower than
background rates of atmospheric deposition (watersheds are a sink for
nutrients). Similarly to previous results, the nutrient losses returned to
baseline levels within a few years after treatment. Unlike in previous stud-
ies, a second phase of increased NO,N losses was found beginning 14 years
after treatment. The authors hypothesize that there were several potential
factors contributing to the elevated NO;N export, including mortality and
shifts in species composition, nutrient releases from decomposition, ele-
vated soil nitrogen transformation, and reductions in the soil G to N ratio,

Qualls, Haines, and Swank (1991) and Qualls et al. (2000, 2002) have
conducted extensive research on the dynamics of soluble organic nutrients
in undisturbed and harvested forest ecosystems at Coweeta. The forest
ecosystems retained more than 99 percent of water soluble organic C, N,
and P produced in litterfall, throughfall, and root exudates. Although
cutting increases organic fluxes in these ecosystem compartments, soil
retention mechanisms efficiently buffer against leaching of organic nutri-
ents to streams after clearcutting.

Fertilization with N and P to increase tree growth potential is common
in the South. A study on the North Carolina Coastal Plain suggests that fer-
tilization resulted in elevated concentrations of NH, up to 3.8 mg L*, urea
up to 1.2 mg L, total N up to 9.3 mg L", total P up to 0.18 mg L, and
orthophosphate up to 0.1 mg L, measured in the soil at the field (27 ha)
edges. Three weeks after treatment, concentrations of all ions returned to
pretreatment levels. Concentration of nitrate-N ranged from zero to 1.2
mg L' during the 60-day monitoring period (Campbell 1989). Similar find-
ings in the Coastal Plain are reported in Segal et al. (1986) and Riekerk
(1989b). More information about fertilization impacts on water quality for
other physiographic regions can be found in NCASI (1999a). In general,
fertilization on forest lands rarely caused nitrate-N concentration in
streams exceeding the Environmental Protection Agency’s (EPA) drinking
water standard of 10 mg L', especially if care was taken to avoid direct
application to streams.

The long-term streamwater chemistry monitoring efforts at Coweeta
Hydrologic Laboratory have established baseline conditions for control
watersheds. Unanticipated deviations from normally observed concentra-
tions cause researchers to take notice. Such was the case when Swank et al.
(1981) investigated increased nitrate levels on watershed 36 and found
that they were the result of insect defoliation. In 1969 defoliation of the
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mixed hardwood forest on watershed 27 by fall cankerworm was observed
(Swank 1988). During the ensuing years of the infestation, average monthly
nitrate concentrations, as NO,N, rose significantly. Peak nitrate levels
occurred in conjunction with the period of maximum outbreak and Flefo—
liation in 1974. With the decline of the cankerworm population, nitrate
concentrations approached those of the baseline conditions. Thus, when
scientists observed a similar pattern of increasing nitrate conceﬂtratlons
on watershed 36, they suspected that the cankerworm ixxfegtatmn hgd
spread. An inspection of the watershed in 1974 revealed an increase in
cankerworm egg mass on surveyed trees. As with watershed 27, nitrate con-
centrations returned to baseline conditions as the cankerworm outb_reak
subsided (Swank 1988). A comprehensive discussion of the mechanisms
responsible for this phenomenon has been published (Swank et al. 1981).

A similar response of stream nitrate levels to insect infesta(ipns occurred
on Coweeta watershed 6. Following the forest-to-grass conversion treatment
in 1965-1967, watershed 6 was allowed to undergo natural succession.
During this period, “mean annual NOyN Cogcentrations in streanmfttgr
gradually declined from about 0.75 mg L* in 1972 to 0.50 mg 1" in
1978...” (Swank 1988). Nitrate concentrations then sudder{ly rose back. o
0.75 mg L. This rapid increase in nitrate export occgrred in conjunction
with a widespread outbreak of the locust stem borer in a pioneer spéctes,
the black locust. As the outbreak continued, mean annual NO;N concen-
trations continued to rise. As infestations peak and black locust mortality
sets in, creating gaps favorable for early successional species, Boring and
Swank (1984) hypothesize that NOy;N concentrations would tend toward
baseline levels.

A synthesis of the long-term dynamics of inorganic N for Coweeta water-
sheds (Swank and Vose 1997) finds the following: (1) Control waters?edf
are highly conservative of N, with atmospheric deposition <9.0 kg ha' yr
and stream exports below 0.25 kg ha' yr*; (2) streams draining control
watersheds show significant time trend increases in annual NO, concentra-
tions and increases in seasonal amplitude and duration of NO; concentra-
tions during the period 1972-1994; (3) snreamwatext chemistry tren@s are
partially attributed to significant increases in inorganic N concentrations in
bulk precipitation and/or reduced biological demand resulting from forest
maturation; and (4) for disturbed watersheds, stream inorganic N data
provides evidence for stages 1, 2, and 3 of watershed N saturation.

Clinton et al. (2002) summarize the research results from four?xperiiments
examining stream nitrate (NO,N) responses to forest fires in the
Nantaha1£ National Forest in western North Carolina. A fell and_bum fire
(Jacob’s Branch) and two stand replacement fires (Winespring Creek and
Hickory Branch) were implemented as prescriptions to improve degraded
xeric oak-pine forests. The fourth (Joyce Kilmer) fire was an ‘arsonwrelated
wildfire, burning the understory in an old-growth mesic-xeric forest. The
Jacob’s Branch and Joyce Kilmer fires occurred in the fall; the fires on
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Winespring Creek and Hickory Branch were spring burns. Stream nitrate
was elevated following the burns on Jacob’s Branch and Joyce Kilmer,
whereas no stream nitrate response occurred with the two spring burn site:;
(Table 3-8). Clinton et al. (2002) surmise that N released during the spring

burns was immobilized by vegetation uptake, whereas N released during
the fall burns was not.

Table 3-8. Increases in Streamwater NOyN and NH N Jollowing Fire

Study Burn Type Season Mean (mg L") Max (mg L) Impact Citation
NO3-N  NHg-N  NO3-N NH,-N duration
Jacob’s Branch  Fell and burn Fall 0030 000 0075 000 8mos Knoepp
and Swank
(1993)
Joyce Kilmer Arson wildfire Fall 0.00 012 000 6wks Clintonet
( ‘ al. (2002)
Winespring Creek Stand replacement Spring 0.00  0.00 000 0.00 0 mos  Vose et al.
. (1999)
Hickory Branch*  Stand replacement Spring 0.00  0.00 000 000 Omos Clinton et
al, (2002)

acy )
g/{rg:fg Cer/:;zr?zll:ggﬁ r(e)jy /\;(3,]3?(\/6 :;e;r:ﬂd;rgaed for gvo weeks following the burn in an upper reach of Hickory
cek, e C urn site. However, no changes in streamwat -
at the monitoring site located at the outlet of the watershed encompazsing the burn arZaNog W ere detectable

Table 3-9. Mean Increases in Stream Water Consti 3 ; lization, 1
g L (atapiad o Neary and oo s Zo)mmwmts Jollowing Fire and Fertilization, in

Subwatershed  Treatment and Comments NO3.N PO4.P Na K Ca Mg
Crane Creek  Undisturbed 00042 0.012a 0.989a 0501a 0571a 0327a
Wash Branch  Partial burn 0.012b 0013 1.245¢ 0617¢ 0.863¢ 0.440¢
Jumping Partial burn pl

bmpin il b plus 0.051¢c  0.021 1.154b 0.606bc 1.040d 04784
Crossland Total burn plus

Joss Fanchad p 0.049¢ 0013 1.359d 0.695d 0.967d 0447 ¢
Townes Confluence of Crane

Qune e of ¢ ne, 0.012b  0.017 1.210bc 0.566b 0.709b 0.386b

Wash Branch

Values followed by differer albetical characters are s C irerern aipha = ajues 1o
! )y dift Ia/pn betical charactel ignificantly diff t at es Of
y . iy o IgNTie /y i at alph 0.05. Val folloywed

Thelumpmg Branch Fire, an unrelated wildfire, burned 1,093 ha of the
Blue Ridge Mountains of South Carolina in 1978. For one ;/ear after this
fire, Neary and Ciurrier (1982) monitored stream chemistry (NO,N, NH,.
i\;;ﬂPO@I‘% Na, K, Ca, _and Mg) and total §uspended solids from five streams.
Df these streams, Crane Creek was undisturbed, Wash Branch was partiall
burned, Jumping Branch was partially burned and fertilized ang{
Crossland Creek was completely burned and fertilized. Townes Creék was
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downstream of the confluence of Crane, Crossland, and Wash Branch
(Neary and Currier 1982). Increases in streamwater nitrate, NO, N, were
attributed to the fertilizer applications. Elevated concentrations of NOgN
and PO, P in streamwater were largely confined to storm flow events; mean
concentrations were not statistically higher than those observed on the
undisturbed Crane Creek (Table 3-9). The anions, Na, X, Ca, and Mg
ranged from 12 percent to 82 percent above background levels during the
monitoring period (Neary and Currier 1982).

Water Temperature

Forest harvesting along streams usually results in increased stream
temperatures (Swift 1973; Wooldridge and Stern 1979; Swift 1982). Swift
and Messer (1971) monitored stream temperatures in nine watersheds
that included both treatment and control watersheds. On the watersheds
that experienced complete harvests, summer stream temperatures
increased from an average of 19°C to more than 23°C. The most intensive
treatments raised temperatures by more than 7°C. Conversely, water
temperatures in streams with uncut streamside or riparian vegetation
showed no increases in stream temperature. In addition, temperatures in
the impacted streams returned to pretreatment levels with subsequent
regeneration and shading provided by riparian vegetation. The observed
temperature increases significantly altered streamwater quality as* whter
temperatures were raised above levels that were unsuitable for the native
trout populations (Swift and Messer 1971).

In a subsequent study, Swift (1973) investigated the effectiveness of
preserving a 12 m buffer of streamside vegetation in mitigating potential
streamwater temperature impacts resulting from forest harvesting on a
small, mountain watershed. The stream flowed through alternating patches
of cut and uncut riparian zones. Water temperature rapidly increased by
6°C as the stream flowed through a 900 m cut area. Then the temperature
decreased by approximately 1°C as the stream flowed through a 800 m
downstream, uncut riparian area, and it subsequently increased again
somewhat as the stream flowed through a 200 m cut area. The stream
temperature eventually stabilized to normal (12.8°C) after passing two
forested sections (2,100 m). The alternating network of cut and uncut
riparian areas limited maximum water temperatures to less than 200C—a
temperature given as an indicator of trout habitat impairment.

Swift (1982) reported long-term impacts of cable logging on streamwa-
ter temperatures. The first two years following cable logging, average sum-
mer stream (38 percent shaded) water temperatures had increased 3.3°C.
Regeneration of streamside trees by stump and root sprouts increased
streamside leaf biomass to 78 percent of the pretreatment condition within
three years following treatment. Subsequent temperature increases aver-
aged 1.2°C. Minimum temperatures were elevated only in the first year of
treatment; the daily temperature range (minimum-maximum) was elevated
during the five years of the study. Streamwater temperature increases were
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predicted to decrease at a rate of 0.3°C per year, ultimately returning to
pretreatment levels.
Pesticides

Pesticides have been increasingly used in the South to control insects
and weeds. Potential pollution by these materials can result from direct
aerial application, aerial drift or revolatilization, leaching and transport by
subsurface flow, and transport adsorbed to suspended particles. Because
these chemicals can be important tools to accelerate forest growth and
combat pest outbreaks, a substantial amount of research has been con-
ducted in the South to understand the fate of applied forestry pesticides
(Neary 1983; Neary et al. 1985; Michael and Neary 1990; Neary, Bush, and
Michael 1993; USDAFS 1994; Neary and Michael 1996). The literature sug-
gests that the risk of long-term contamination from pesticide application
is low when care is taken. Although each chemical or biological agent (e.g.,
Bacillus thurengiensis) has its own properties, residues generally are not
persistent (especially for more recently adopted chemicals) and do not
bicaccumulate. A review of herbicide data shows that when herbicides are
not applied directly to steams and when buffer strips are used, peak residue
concentrations generally are low (<500 ppb), and residue levels in surface
runoff generally are less than 36 ppb for ground application or less than
130 ppb for aerial applications (Riekerk, Neary, and Swank 1989). A recent
review of herbicide toxicity to wildlife found that most herbicides used in
modern silviculture are of low toxicity to aquatic and terrestrial organisms
(Tatum, Shepard, and Wigley 2002) and thus pose little hazard to wildlife.

This assessment in no way absolves forest chemical applicators of any
concerns about their application of chemicals. Inappropriate application
methods can result in direct entry or excessive drift of chemicals into
streams. Although the toxicity of most commonly used forest chemicals is
low for aquatic organisms, there is some toxicity. Models such as AgDRIFT
provide an opportunity to test application equipment and operation vari-
ables to confirm that planned applications will minimize any water quality
impacts (Teske and Ice 2002). Through mechanisms described herein
(e.g., leaching and lateral subsurface transport to the stream or transport
attached to suspended particles), even well-placed chemicals may reach
streams — although usually at very low concentrations. Preferential flow-
paths in forest soils can result in some bypassing and delivery of chemicals
to streams. Nevertheless, forest sites tend to have less pesticide loss than
nearby agricultural sites because applications are infrequent over the
rotation of a stand and do not accumulate over time, and forest soils have
generally higher organic matter, which provides for pesticide sorption and
decomposition.

BMP Effectiveness Studies

Forestry best management practices (BMP) to minimize nonpoint
pollution from forestry activities have evolved over time and have been
developed largely on the basis of observations from long-term hydrologic
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studies and the water quality research described in .this chapter.
Recognizing the high infiltraton capacity of forest :}0115, BMPs are
designed to minimize the amount and duration of bare soils and to rfidLlce
the hydraulic connectivity of runoff from bare soil areas to streams.
Although specifics vary from state to state, all state forestry BMPs share the
following basic recommendations:

* Minimize bare ground coverage and soil compaction.

« Separate bare ground from surface waters.

e Inhibit hydraulic connections between bare ground and surface

waters.

« Avoid disturbance on steep convergent slopes.

* Separate fertilizer and pesticide application from surface waters.

* Provide a forested buffer around streams.

» Engineer stable road surfaces and stream crossings.

Specifics of these guidelines vary between states with respect to elqme_ms
such as streamside management zone (SMZ) widths, a}lowgnce of Lhmnmg
within SMZs, spacing recommendations for water diversions on Ioggmg
roads, road surfacing recommendations, and so forth. Some of these dif-
ferences are related to sociopolitical differences between states, some ‘t:o‘
differences in silvicultural techniques, and some to genex'al ‘physiogmphw
differences between regions that make certain water quality issues more or
less important in those regions. (See www.usabmp.net.)

Because the forest industry relies on BMPs to meet water qualiq protec-
tion requirements of the Clean Water Act, BMP effectiveness smches‘ are an
active area of research in the Southeast. Southeastern BMP effectiveness
studies published since 1990 include Kochenderfer and Edwards _(1990);
Adams et al. (1995); Arthur, Coltharp, and Brown (1998); Keim and
Schoenholtz (1999); Williams et al. (1999); Wynn et al. (2000); Vowell
(2001), Williams, Hook, and Lipscomb (2001), Williams et al. ‘(2002), and
Carroll et al. (2004). These studies used a variety of study desxgns, includ-
ing paired watershed experiments, cross-landscape comparisons, :md
upstream-downstream comparisons. Furthermore, most of these studies
were interdisciplinary and considered a suttf: of water qpahty factors,
including temperature, sediment, nutrients, in-stream habitat structure,
and benthic macroinvertebrate communities. Taken together, these smches
demonstrate that modern BMPs substantially mitigate nonpoint pollution
from forestry activities at the site scale, although the BM'Ps.are not 100
percent effective. These studies also demonstrate thaF the biotic and chem-
ical noise in larger streams renders the water quality effects of foresgry
activities using BMPs undetectable. In other words,‘ the water 'quahty
effects of modern forestry are very small in comparison to spatial and
temporal variability in water quality in larger streams.

Williams et al. (1999) provide an intriguing comparison of management
impacts with and without BMPs, using a retrospective comparison to the
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earlier study by Hewlett (1979) at the B.F. Grant Memorial Forest in the
piedmont. Recall that Hewlett indicated that most of the increased sedi-
ment observed at the time of harvesting and reforestation came from
roads and channel disturbance. Hewlett estimated that with properly
designed and maintained roads, effective SMZs, and careful site prepara-
tion and planting methods, 90 percent of the increase in sediment could
be avoided. Williams et al. (1999) monitored sediment and other water
quality impacts from timber harvesting operations on Piedmont watersheds
where state BMPs were applied. They found that much of the sediment
yield increases observed after timber harvesting resulted from increased
channel flow (as a result of reduced evapotranspiration with removal of
the vegetation). They found small but significant increases in sediment
concentrations immediately after harvesting, even with BMPs. Never-
theless, the increases were small, especially compared with those measured
by Hewlett (1979). Williams et al, (1999) estimated that the BMPs reduced
sediment yield increases tenfold compared with the earlier study — just
about what Hewlett had estimated.

Continuing and Emerging Issues and Final Thoughts

Forestry BMPs are voluntary throughout the Southeast, and only one
state requires a permit for silvicultural activities. This nonregulated envi-
ronment for water quality protection allows greater market flexibility for
forest products industries. Decisions regarding harvest and site preparation
can be made on the basis of market and cash flow considerations, without
the expense of permitting delays. To maintain this flexibility, the forest
products industry must be able to demonstrate to the public and to water
quality management agencies that forestry BMPs are implemented and
effective. Furthermore, the effectiveness of BMPs must be assessed cumu-
latively, at a watershed scale, to calculate the contributions of forest activities
to a Total Maximum Daily Load Program (TMDL) for a basin. This effort
will require development of process-based models of BMP performance
linked with in-stream models of pollutant transformations and transport.

Modern forestry operations in the southeastern United States usually are
superimposed on a landscape with a long history of intensive (sometimes
referred to as abusive) agriculture that preceded forestry as the dominant
land use of many areas of the South. For example, upland erosion in the
southeastern Piedmont from approximately 1810 to 1930 totaled 16-30 cm
(Trimble 1974). Most of this sediment is still in valley storage. Therefore,
in-stream habitat and biotic conditions are stll largely influenced by legacy
impacts of historic land use. Additional work is needed to conceptually
reconstruct presettlement conditions and to account for historic sediment
in water quality evaluations.

Often we have idealized expectations about the quality of water coming
off forest watersheds. The water quality coming off forest watersheds is
uniformly better than the quality of runoff from watersheds in other land
uses. Given the diversity of forest and watershed conditions shown here for
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the South, from mountains to wetlands, however, it should not be ;uxprmgrg;
that the q)uality of water for even least-impaired wa'terf%heclis int dls E:ﬁ\%z‘ey
i ieve idealized criteria. Ice an '
n vary widely and may not achle\{ rite d o
ESOOQ)?eview I%PA~proposed, ecoregion-based nau?na] ;vat}frtq;i?;tg ;1;51 .
i i hosphorus. They found that many sma
ria for total nitrogen and total p fow e
ieve these proposed criteria, even wne
forest streams would not achieve .
1 earch control watersheds. > sou
streams arose from undisturbed res AU
1 tershed for the Santee in >0
ern Coastal Plain, the control wa ! aroine
1 - Runoff from this watershe
i ellent example of this problem: rshe
B e i tal phosphorus criteria.
’ i total nitrogen or total phosp . ‘
couldn’t meet either proposed > iy Eigh
i tlands, was found to have especially
The Santee, like some other we , e 0% fouad
ic ni ther study by Ice and Sugden 2 '
organic nitrogen loads. Ano v . b L
jori -1 d streams monitored cou .
that the majority of least-impaire 2. ‘ pot achieve
i itert Louisiana in the summer. U
e dissolved oxygen criteria for : : L '
jtt};dging water q\}Zl%ty must be physically achievable and biologically relevant
The South presents an enormous challenge to fm:;:gters, fprestglrzllc;rr?;;);
ic biologists. The region ¢
i d managers, and aquatic bio & '
B ons b d diversi resented in this chapter),
diversity (as prese
tremendous forest and watershe :  presel : o
high timber values, abundant and diverse aquatic species, and ow;xjabctgld e
demands on water resources. The body o_f work rewlewednmqé Oxzt h$;\)‘::7 o
: d many important lessons 2 .
demonstrates that we have leame. ! : o
manage forest watersheds to achieve substantial protection %f lessenl
beneficial uses of runoff. We summarize some of these lessons below.

KEY LESSONS LEARNED IN THE SOUTHEAST

* Water yields increase following timber haryes;ing and site preparaton,
largely as a result of reduced evapotranspiration. |

e Stormflow volume and maximum peak ﬂqws a.lso Le‘nd to 1{1;(;;&3652‘/1;051
lowing harvesting, in response to changes m soil moisture ; or %5) el
able (as a result of evapotransplxgtlon and m'te_rcepmondg : Htg)ance
other factors, such as modified soil characteristics after distu e.

T o of
* Water yields and changes in storm runoff diminish with revegetation o
sites.

. . . . d
« Erosion and sedimentation following harvesting, site prepara&os\,ligd
planting, although relatively small compared to that under od‘ e[; and
uses, can be significant increased over rates measured for undis
,
forest watersheds. -
1 i 15
* The greatest potential for increases in scqunent from forest Sctm;iecsﬁ;
associated with poorly designed or maintained roads k;and c 1?122 me;e
i inous sites. Practices that rec
turbance for hilly or mountaino . ! these
impacts can greatly reduce overall changes in sediment related t

forest activities.
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] T
Roads may not be an important source of sediment for flat sites.

ol L . .
n so’m‘e riverine forest s:tfas, disturbance that increases herbaceous
vegetation can increase sediment trapping.

R . . . .
Any increases in nutrient concentrations and loads following harvest-

ing and site preparation tend t -li i 1
g and e )23 MI; 0 be shortlived, usually disappearing

. . .
Natural dxstu.rbances such as insect outbreaks also can temporaril
Increase nutrient losses from forest watersheds !

* Stream temperatures can be i
‘ protected by providing shade th
use of streamside management zones. : s ouh the

. . .
ZVater quality an_d appropriate management practices can vary widely
ecause of the diversity of conditions found in the Southeast
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